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ABSTRACT 
Chemical stabilization of subgrades is one of traditional technologies to provide a 
pavement construction platform. Laboratory test results of a typical mix design including soil 
strength and stiffness measurements are usually well documented in the short term. However, 
the long-term performance data of stabilized pavement are lack and desired for further 
development of this technology.  
In order to address those problems, nine test sections were selected to assess engineering 
properties of old stabilized subgrades in Texas, Oklahoma, and Kansas. Six subgrades were 
stabilized with lime and three subgrades stabilized with fly ash. Ages of these stabilized 
subgrades ranged from 5 to 28 years. Both laboratory and in-situ tests were performed. 
Laboratory tests include moisture content, sieve analysis, pH test, scanning electron 
microscope, and unconsolidated-undrained test. In-situ tests include dynamic cone 
penetrometer, falling weight deflectometer, light weight deflectometer, plate load test, and 
soil sampling. Using engineering research international (ERI) data analysis software, the 
subgrade layer moduli were backcalculated based upon FWD tests results.  
Soil types, pH values, mineralogical and microstructure analysis, and the improvement 
ratios between stabilized and un-stabilized subgrades were presented in this study. At some 
test sites, the field observation found that lime was not uniformly mixed with subgrades. 
SEM analysis shows some cementing products formed and existed in lime stabilized 
subgrade samples. Based on the laboratory and in-situ test results, the improved soil strength 
and stiffness remained after many years of construction.  
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CHAPTER 1. INTRODUCTION 
The second Strategic Highway Research Program (SHRP2) R02 project identified and 
assessed 47 ground improvement technologies, including chemical, mechanical stabilization 
of subgrades and base courses, and other subgrade stabilization technologies. According to 
the Phase 1 Report of SHRP2 R02, some barriers to applying these stabilization methods are 
uncertainty about pavement performance and lack of long-term performance data (SHRP2 
R02 Phase 1 Technology Assessments 2008). 
Chemical stabilization of soft soil has been used in United States more than 60 years 
(Rafalko et al. 2007). The chemical additives include lime, cement, fly ash, cement kiln dust, 
and other nontraditional additives. Several factors influence the quality and long-term 
performance of stabilized subgrade, such as additive content, construction method, and 
environmental factors and so on. Laboratory test results of a typical mix design including soil 
strength and stiffness measurements are usually well documented in the short term. However, 
long-term performance is difficult to measure and is therefore typically relied upon for the 
short term. Thus, chemical stabilized subgrade is primarily considered as an approach for 
creating a construction platform. The long-term performance data of stabilized pavement are 
desired for further development of this technology. This report will address two technical 
problems, the lack of performance data for stabilized pavement subgrades that are more than 
10 years old and lack of understanding of the factors that contribute to long-term engineering 
behavior of stabilized subgrades supporting pavements. 
This research addressed these problems by conducting laboratory and in-situ tests for 
chemical (lime or fly ash) stabilized subgrades. Laboratory tests include moisture content, 
sieve analysis, pH test, scanning electron microscope, and unconsolidated-undrained test. In-
situ tests include dynamic cone penetrometer, falling weight deflectometer, light weight 
deflectometer, plate load test, and soil sampling. Mineralogical and microstructure analysis 
were performed on stabilized subgrades. The data of strength and stiffness of stabilized 
subgrades were collected. A total of nine test sites are selected and located in Texas, 
Oklahoma, and Kansas. The selection of the test site was based on the type of subgrade, 
availability of old construction records, and construction year. Eight test sites were 
constructed more than 10 years ago, and one test site was constructed more than 5 years ago.  
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RESEARCH GOALS AND OBJECTIVES 
One research goal is to assess engineering properties of old stabilized subgrades. The 
other goal is to better understand factors that contribute to changes in the engineering 
behavior of stabilized subgrade supporting pavement. 
The main objectives of this research are to:  
• Investigate chemical components and microstructure of in service stabilized soils  
• Investigate in-situ stiffness of the stabilized and natural subgrades  
• Determine stiffness improvement ratio between stabilized and natural subgrades 
RESEARCH BENEFIT AND SIGNIFICANCE 
This research will result in creating case studies for engineers and researchers to better 
understand long-term performance of chemical stabilized subgrades and encouraging 
pavement designer to incorporate chemical stabilized subgrades into pavement design. 
Advantages and disadvantages with other stabilization technologies will be compared based 
on literature review of SHRP2 R02 project. 
BACKGROUND OF SHRP2 R02 PROJECT 
Strategic Highway Research Program Project Number R02 (SHRP2 R02) have identified 
more than 47 geoconstruction technologies for transportation infrastructure projects. The 
objectives of SHRP2 R02 are to achieve: 
• Rapid renewal of transportation facilities, 
• Minimal disruption of traffic, and 
• Production of long-lived facilities. 
Phase 1 of the project focuses on identifying those geotechnical materials, systems, and 
technologies that best achieve the SHRP2 Renewal strategic objectives (SHRP2 R02 Phase 1 
Technology Assessments). It consists of task 1 through task 6. One of the key outcomes is to 
identify technical and non-technical issues that results in preventing further development of 
the technology. Technical issues are summarized in Table 1 in Phase 1 report. The degree of 
interference with widespread were accessed and rated using four levels (high, medium, low, 
and none). 
Chemical stabilization of subgrades and base courses is one of these technologies that is 
use to provide a pavement working platform and prolong pavement service life. Because of 
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performance uncertainty and absence of long-term performance data, pavement engineers are 
not certain that chemical stabilized subgrade can provide sufficient support as a subbase layer 
in its design life. The structural benefit of stabilized subgrade is generally not considered in 
most pavement design codes (e.g. AASHTO 1993, AASHTO 1998).  
Phase 2 of the project includes evaluations of the effectiveness of mitigation measures; a 
catalogue of materials and systems for rapid renewal projects; guidance for design and 
QC/QA procedures; methods for estimating costs; and sample specifications for the 
identified geotechnical materials, systems, and technologies. It consists of task 8 through task 
13. The task 9, task 10, and task 12 are summarized as follows: 
Task 9: Comprehensive Technology Summary 
The task 9 is a comprehensive summary of chemical stabilization subgrade including 
applications, case histories, QC/QA programs, cost information, and specifications. The task 
9 document is Appendix A.  
Task 10: Assessment of Design Methods and QC/QA Procedure 
Design guidance and QC/QA programs are compiled and reviewed. Input and output of 
design parameters are summarized. Detailed design procedures are presented and accessed 
based on performance criteria, subsurface conductions, loading conditions, etc. QC/QA 
programs are accessed based on accuracy and precision, adequacy of coverage, 
implementation requirements, and applicability to method approach specifications. The task 
10 document is Appendix B.  
Task 12: Assessment of Existing Specification  
It compiles and assesses the existing construction method and performance specifications 
from DOTs, AASHTO, etc. The task 12 document is Appendix C.  
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Table 1. Summary of technology issues (from Phase 1 of SHRP2 R02) 
No. Item 
Degree of interference with 
widespread use 
(High, Medium, Low, None) 
1 Lack of simple, comprehensive, reliable, and non-proprietary analysis and design procedures 1 
2 Costs for design, construction, QC/QA, and/or maintenance 2 
3 Construction time 1 
4 Time from installation to full effectiveness 1 
5 Lack of established engineering parameters and/or performance criteria 1 
6 Lack of effective QA/QC procedures 0 
7 Lack of easy-to-use tools for selecting technology 1 
8 Technology immaturity 1 
9 
Need for a specific project delivery method, e.g., (1) 
design-bid-build, (2) pre-bid alternatives, (3) post-bid 
alternatives (V.E.), (4) design-build, (5) design-build-
maintain 
0 
10 Lack of site characterization information 2 
11 Performance uncertainty  2 
12 Lack of long-term performance data  1 
13 Environmental impacts of the technology  3 
14 Lack of accessible case histories  0 
15 Construction loads  1 
16 Vibrations  0 
3-High, 2-Medium, 1-Low, and 0-None 
THESIS ORGANIZATION 
This thesis is organized to 6 chapters. Chapter 2 is a literature review about testing 
methods used in this study, design, quality control and assurance, and case studies for 
chemical stabilized soil. Chapter 3 describes both field and laboratory test methods 
performed at site and in geotechnical research lab at Iowa State University. Chapter 4 
provides nine case studies conducted in TX, OK, and KS. It covers site description, and in-
situ and laboratory test results at each site. Chapter 5 summarizes the key findings from this 
study. Recommendations for future researchers and pavement engineers are provided in 
Chapter 6.  
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CHAPTER 2. BACKGROUND/LITERATURE REVEIW 
In this chapter, several previous studies are reviewed for long term performance of 
chemical stabilized subgrades. A literature review of design methods, quality control and 
assurance, and in-situ testing methods are also presented. 
LONG-TERM PERFORMANCE OF CHEMICAL STABILIZED SUBGRADES 
This section summarizes three papers that focus on evaluations of long-term performance 
of chemical stabilized subgrades. The first study by Little et al. (1995a) focused on 
investigations of structure improvements of stabilized bases and subgrades after several years 
of service life. A total of 30 test sites in Texas with lime stabilized subgrades were 
investigated. The falling weight deflectometer (FWD) test results were backcalculated to 
determine the natural and stabilized subgrade modulus. The dynamic cone deflectometer test 
was applied to verify measurements from FWD tests. At all but one sites, backcalculated 
moduli of stabilized subgrades were equal or greater than 200 MPa. Typically, a good quality 
of aggregate base is 200 MPa. For 27 out of 30 test sites, backcalculated FWD moduli 
showed that the modulus ratio between lime stabilized and natural subgrades was greater 
than 3. The authors stated that, if the structural benefit of stabilized subgrades needs to be 
considered in pavement design, the modulus ratio of 3 is the minimum value. The structure 
improvement of stabilized subgrades remained several years after construction.  
The second study by Hopkins et al. (2002) reported on an evaluation of the long-term 
performance of chemical stabilized subgrades in Kentucky. A total 20 test sections were 
selected and the subgrades were stabilized using lime or cement. The laboratory and field 
tests included grain size, index property, moisture content, specific gravity, unconfined 
triaxial compression test, in-situ CBR, standard penetration test, and falling weight 
deflectometer. Some key findings are summarized as follows: 
• The soil types of natural subgrades were modified from silts (ML) to sandy silts 
(SM) after treatment. The clay faction of natural subgrades was also reduced. 
• In-situ CBR of lime stabilized subgrades were 14 times of the natural subgrades.  
• Moisture content of top un-stabilized subgrades had a value of 3-4% greater than 
moisture content of top stabilized subgrades. That indicates that stabilized 
subgrades help mitigate or eliminate the “soft zone” on the pavement.  
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• The FWD modulus of stabilized subgrades was greater than that of natural 
subgrade. The FWD moduli ranged from 19- 455 MPa (2,700 - 66,100 psi) for 
natural subgrades and 149-896 MPa (21,600 - 130,000 psi) for stabilized 
subgrades. 
• The FWD modulus of the granular base rested on the stabilized subgrade was 
much greater than that value of the granular base rested on the un-stabilized 
subgrade. The modulus of the granular base will increase as increasing of the 
modulus of underlying the stabilized subgrade. 
The third study by Jung et al. (2008) investigated the performance of six lime kiln dust 
stabilized subgrades in Indiana using both the laboratory and field tests. These stabilized 
subgrades were constructed in between 1996 and 2002. Comparison was made between 
stabilized and natural subgrade in moisture content, fines content, soil type, pH value, CBR, 
and MR.  Key findings are the following: 
• The fines content of natural subgrades was reduced by 20 to 40% after treatment. 
• The water content of stabilized and natural subgrade was uniform at each test site.  
• The types of natural subgrades were modified from slity or clayey to non-plastic 
slity sand for stabilized subgrades. 
• The pH values of natural subgrades ranged from 7.5 to 8.0, while the pH values of 
stabilized subgrades ranged from 8.5 to 11.0. The high pH of stabilized subgrades 
indicated that the effect of lime still remained in stabilized subgrades.  
• The average CBR of natural subgrades increased 500-1500% after treatment 
The LKD stabilized subgrades performed well after 5-11 years. The authors stated that 
the uniformity of stabilized subgrades was questionable. Improvement of quality control 
program was recommended to ensure that the long-term performance of LKD treated 
subgrades. 
DESIGN METHODS  
Lime Stabilization of Subgrades and Bases 
Determining lime content is the primary objective of mixture design for lime stabilization. 
The optimum lime content is dependent on how the stabilized material will be used and the 
soil constituents. The design objects may involve a reduction in plasticity, construction 
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expediency, or permanent engineering changes which affect the strength/stiffness of the 
mixture and performance of the pavement which contains the treated layers. Mixture 
preparation, specimen preparation, curing conditions, and testing are four factors considered 
as part of a laboratory testing program. Special testing is required for sulfate-bearing clay to 
prevent deleterious sulfate-induced heave. Table 2 shows the general stabilizing effect of 
lime on different soil types. 
Table 2. General stabilizing effects of lime on different soils types (from Winterkon and 
Pamukcu 1990) 
 
Because applications of lime can be broad in stabilization, several mix design methods 
have been developed. According to TRB (1987), these methods are:  
1. California procedure (Terrel et al. 1979) 
2. Eades and Grim procedure (Eades et al. 1966) 
3. Illinois procedure (Terrel et al. 1979) 
4. Oklahoma procedure (TRB 1987) 
5. South Dakota procedure (TRB 1987) 
6. Texas procedure (AASHTO T-220) 
7. Thompson procedure (Thompson 1970) 
8. Virginia procedure (VTM-11 Virginia Test Method for lime stabilization) 
An example of one of these methods, the Texas procedure, is summarized below. 
Step 1: Based on the grain size and PI data, the lime percentage is determined by using 
the recommended amounts of lime for stabilization of subgrades and bases (Terrel et al. 
1979); that graph is shown in Figure 1. 
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Figure 1. Recommended amounts of lime for stabilization of subgrades and bases (from 
Terrel et al. 1979) 
Step 2: Optimum moisture and maximum dry density of the mixture are determined in 
accordance with AASHTO T-212 or Tex-113-E. 
Step 3: Test specimens 6 in (15.2 cm) in diameter and 8 in. (20.3 cm) in height are 
compacted at optimum moisture content to maximum dry density. 
Step 4: All specimens are placed in a triaxial cell and cured in the following manner: 
a: Cool to room temperature . 
b: Dry at temperature not exceeding 60° C (140° F) for about 6 hr until one-third of the 
molding moisture is remove. 
c: Cool for at least 8 hr. 
d: Subject specimens to water exposure via capillary action for 10 days (AASHTO T-
212). 
Step 5: The cured specimens are tested in unconfined compression with AASHTO T-212 
section 7 and 8 or Tex-117-E. 
The design process flow chart is shown in Figure 2. Two design criteria are used: (1) 
pavement structural behavior and (2) durability requirement. In addition, swell needs to be 
reduced to a satisfactory level for lime-modified soil. 
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To deal with sulfate induced problems with lime stabilized soils, the National Lime 
Association (2000) provides guidelines as following: 
Sulfate levels too low to be of concern: The total level of soluble sulfates is below 0.3% 
(3000 ppm). The general construction procedure is followed, due to a low risk of harmful 
reaction. 
Sulfate levels of moderate risk: The total levels of soluble sulfates are between 0.3% 
(3000 ppm) to 0.5% (5000 ppm). During construction, water content should be at least 3% to 
5% above optimum for compaction. Mellowing period may be extended longer than 72 hours. 
Sulfate levels of moderate to high risk: The total levels of soluble sulfates are between 
0.5% (5000 ppm) to 0.8% (8000 ppm). The same mix design and construction can be 
followed as same as soil containing 0.3-0.5 % sulfate. Additionally, the laboratory test is 
recommended to determine swell potential before treatment, which also helps find the 
required period of mellowing between mixing and compaction. 
Sulfate levels of high and unacceptable risk: The total levels of soluble sulfates are 
greater than 0.8% (8000 ppm). Due to high sulfate levels, treatment requires lime slurry, 
mixing, mellowing, curing water contents of 3%-5% above optimum for compaction, and 
mellowing period may be extended longer than 72 hours. The double application of lime may 
be applied too.  
Although the benefits of improved soil properties are not considered into most current 
design approaches in United States, a study conducted by Qubain et al. (2000) shows that 
lime treated subgrade soil can be successfully incorporated into pavement design with 
economic benefit by increasing the strength of subgrade. Three approaches were applied in 
this study: (1) utilizing an effective resilient modulus for the lime treated subgrade, (2) 
applying a very conservative CBR of 15 to account for lime stabilization, and (3) considering 
the lime stabilized subgrade as subbase and assigning it a structural–layer coefficient. Little 
information is available in the literature, however, that documents the long-term performance 
of stabilized soils for permanent foundation materials.  
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Figure 2. Mixture design for lime-treated soils according to Thompson procedure (from 
Winterkorn and Pamukcu 1990) 
Fly Ash Stabilization of Subgrades and Bases 
Class C fly ash is recommended to stabilize fine-grained plastic soils such as clay, as well 
as coarse-grained soil (ACAA 2008). Some factors are important when develops the mix 
design procedure for stabilization applications utilizing self-cementing ash. Based on ACAA 
(2008), firstly self-cementing ash hydrates at a much more rapid rate than Portland cement, 
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and 2-hour delay in compaction can result in a decrease in maximum density of up to 1.6 
KN/m3 (10 pcf) or more. Secondly, moisture content influences the compressive strength. To 
deal sulfate attack problems for stabilized materials, fly ash with the high sulfate 
concentrations should be avoided. 
A laboratory study by Ferguson (1993) recommended that a fly ash content was 16% for 
mixing with subgrade materials to obtain maximum California Bearing Ratio. No standard 
test procedures currently exist for the design of material stabilized with self-cementing ash 
(ACAA, 2008). However, an effective procedure can be used to determine moisture-density 
and moisture-strength relationships of the stabilized material, based on adaptation of ASTM 
C593 (Fly Ash and Other Pozzolans for Use with Lime) and ASTM D 1633 (Compressive 
Strength of Molded Soil-Cement Cylinders). The design procedure follows: 
1. Blend soil, fly ash and water to make a minimum of five test specimens. Moisture 
contents of the specimen should be up to 10% below to 6% above the optimum 
moisture content for maximum density. The specimens have a height-to-diameter 
ratio of 1.15.  
2. Compact specimens over a wide range of moisture contents. Use specified 
compaction time delay (<2 hours) and 102-mm (4.0-inch)-diameter by 117-mm 
(4.625-inch)-high mold. Standard Proctor compactive energy or modified proctor 
compactive energy may be used. Alternatively, it can use specimens with 50.8 
mm (2 in.) in diameter by 50.8 (2 in.) high. Advantages for using these specimens 
are material and time saving. Additionally, the test results obtained from those 
specimens are very close with using the standard Proctor specimens (Oflaherty et 
al. 1963). 
3. Cure test specimens for a period of 7 days at 38°C (100°F) in accordance with 
ASTM C593, and  
4. Determine compressive strength of specimens. 
Modification of the compaction procedures may be required for mix designs of granular 
materials stabilized with ash. For stabilized pavement section or other applications where a 
higher degree of stabilized is desired, additional laboratory tests needs to conducted assess 
properties of the stabilized materials required for specific design procedures. Stabilized 
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granular material to be used for pavement base course or subbase tests can be evaluated 
through ASTM C593 to assess the freeze-thaw durability of the stabilized materials. 
QUALITY CONTROL AND QUALITY ASSURANCE 
Quality control and assurance programs for chemical stabilization of subgrades and base 
courses are discussed according to various stages of construction.  
Prior to Stabilizer Application 
Sampling of loose processed materials is used to check gradation of the materials and 
ensure the oversize materials are limited to the specification target value. For controlling 
pulverization in cement stabilization, a sieve analysis is typically performed using a No. 4 
sieve. For lime stabilization, the 1-inch and No. 4 sieves are designated for controlling 
pulverization. Gradation requirements for fly ash and bitumen stabilized soil are detailed in 
Army and Air Force (1994). 
During Stabilizer Application 
Stabilizer additive content tests are performed transversely across the pavement and at 
various depths within the stabilized layer to assess the mixing effectiveness. Chemical 
analysis, phenolphthalein test, and visual inspection are used to estimate the stabilizer content. 
Chemical analysis can be expensive and slow, however. According to TRB (1987), a 
phenolphthalein test on a face cut in the stabilized layer is used as a “quick” test to determine 
the presence of lime or cement instead of the exact content of the stabilizer. A reddish-pink 
color develops if lime is present in the soil, for example. 
Trenches are dug and a visual inspection is made to assure uniformity of the mixture. 
Uniformity is checked throughout the depth and across the width of the pavement. The 
phenolphthalein test can also be used to check the uniformity of the mixture in the field. 
Moisture content measurements are obtained at various stages of construction. Moisture 
content is commonly determined by either oven-dry or nuclear gauge methods. The hand 
squeeze test is not frequently mentioned, but often used to estimate suitable moisture content. 
Although the hand-squeeze test cannot replace the standard moisture content test, it assists 
with improved process control. The control of moisture content is important in achieving 
required pulverization and hydration for lime, cement, and fly ash stabilization. Bitumen 
stabilization has specified requirements for moisture content.  
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Field personnel should be aware of the depth of the stabilized layers both before and after 
compaction. Depth of mixing can be checked as the same time as uniformity, and should be 
checked routinely during mixing operations.  
In-situ Verification  
Nuclear gauge testing is common for checking if the required dry density is obtained after 
compaction. Clegg impact hammer and dynamic cone penetrometer (DCP) tests are two 
methods to measure the stability of the stabilized subgrade at various times upon completion 
of stabilization. In addition, undisturbed samples following a laboratory curing process can 
be used to determined unconfined compressive strength and resilient modulus in the 
laboratory. 
IN-SITU TESTING METHODS 
Dynamic Cone Penetrometer 
Dynamic cone penetrometer (DCP) is an economical, rapid and easy operated device to 
measure in-situ soil strength and stiffness of subgrades and base layers. Because of these 
advantages, this test has been applied extensively in Australia, South Africa, the United 
States, the United Kingdom and many other countries (Chen et al. 1999). Figure 3 is a 
schematic sketch of DCP. The operation is to drop 8 kg weight hammer on anvil, then the 
cone will penetrate into subgrades or granular layers. This process will repeat until reaching 
to the desired depth or refusal. The data of drops and penetration depth is recorded during 
testing. The test results of the penetration index (PI) are calculated and expressed in terms of 
mm/ blow (in./blow).  
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Figure 3. DCP apparatus (from Illinois DOT, 2005) 
Burnham and Johnson (1993) summaries four applications of DCP testing: 
• Preliminary soil surveys. DCP testing can be operated to locate areas of weak soil 
before construction (e.g. collapsible soil)  
• Construction control. It can be used as a QC/QA method to monitoring 
construction of pavement subgrade and base, and verify the uniformity and level 
of the compaction.  
• Structure evaluation of existing pavements. The expectancy of pavement life can 
be predicted.  
• Future applications. This testing method can be a substitute for final testing 
rolling of grades before pavement placement. It is also applicable to measure the 
frost/thaw depth in cold climate pavements during the spring months. 
The study of correlation of CBR and DCP has been conducted by many researchers. The 
following Equation (1) was developed by the U.S. Army Corps of Engineers for correlation 
between CBR and DCP (Webster et al. 1992): 
 log (CBR) = 2.47-1.12 log(DCP) (1) 
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This equation was also adopted in ASTM D 6951 “Standard Test Method for Use of the 
Dynamic Cone Penetrometer in Shallow Pavement Applications.” Several correlations were 
studied by Livneh (2007), as shown in Table 3.  
Table 3. Summary of DCP-CBR Correlation (from Livneh 2007) 
Type of Material Correlation Equation Reference 
All types with DCP≥ 10 log(CBR) = 2.56-1.16 log(DCP) Harrison (1989) 
All types with DCP< 10 log(CBR) = 2.54-1.12 log(DCP) Harrison (1989) 
All types (except CL and CH) log(CBR) = 2.47-1.12 log(DCP) Webster et al. (1992) 
All types log(CBR) = 2.44-1.07 log(DCP) Ese et al. (1994) 
CH only log(CBR) = 2.54-1.0 log(DCP) Webster et al. (1994) 
CL with CBR< 10% only log(CBR) = 3.54-2.0 log(DCP) Webster et al. (1994) 
All types log(CBR) = 2.62-1.27 log(DCP) Smith and Pratt (1983) 
All types log(CBR) = 2.56-1.15 log(DCP) Kleyn (1975) 
All types log(CBR) = 2.26-0.95 log(DCP) Seyman (2003) 
 
CBR is also correlated with resilient or elastic modulus, as shown in Equation (2) 
(AASHTO 2002). 
 E (psi) =2555 CBR0.64,         E (MPa) =17.6 CBR0.64 (2) 
Falling Weight Deflectometer 
Falling Weight Deflectormeter (FWD) is a dynamic loading, non-destructive test, and 
widely applied in the United States to evaluate pavement condition. NCHRP (2008) 
investigated FWD ownership in 45 state highway agencies. Most of FWD equipments were 
manufactured by Dynatest, JILS, and KUAB. Crovetti et al. (1988) compared the equipment 
of KUAB 2M with Dynatest 800. The KUAB 2M uses seven deflection transducers to 
measure pavement deflection rather than seven geophones equipped in Dynatest 800. 
Additionally, a two-mass system is used in KUAB 2M to provide a more reproducible load 
pulse than one mass system. Some key features of two FWDs are summarized in Table 4.  
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Table 4. Equipment specification for two FWDs (from Crovetti 1988) 
  KUAB 2M Dynatest 
Load range 70-150 kN 7-125 kN 
Load rise time 28 ms Variable 
Load duration 56 ms 25-30 ms 
Load generator Two-mass system One mass system 
Load plate Segmented or nonsegmented with rubberized pads (300 and 450 mm diameter) 
Geophones with or without 
dynamic calibration device 
Defelction sensor positions 0-1.8 m  0-2.25 m 
Number of sensors 7 7 
Defelction sensor range 5 mm (200 mils) 2 mm (80 mils) or 2.5 mm (100 mils) 
Defelction resolution 1 µ (0.04 mils) 1 µ (0.04 mils) 
Relative accuracy 2 µ ± 2 % 2 µ ± 2 % 
Test sequence Unlimited, user selected  8 drops 
Test time sequence (4 loads) 35 s 25 s 
 
The advantages and disadvantages for applying impulse load were described in NHI 
(1994) and Thum (1995). Advantages are (1) the actual wheel loading is simulated, (2) the 
test can be used to measure deflection base and joint/crack load transfer, and (3) it can be run 
in a short time. Disadvantages are: (1) the initial cost of equipment is high, (2) the device 
should be completely stationary to perform test, and (3) the analysis is only based on peak 
static deflection basins due to poor understanding of dynamic response of the pavement. 
According to ERI (2009), the rigid pavements backcalculation is based upon Area 
method that assumes a two layer system of PCC slab. An elastic subgrade modulus (Esg) and 
a dense liquid modulus of subgrade reaction (k) are estimated for a composite subgrade layer. 
The subgrade parameters are calculated based on the deflection basin AREA calculation from 
sensors located 0 cm (0 in.), 31 cm (12 in.), 71 cm (24 in.), and 91 cm (36 in.) from the load 
center. 
For the flexible pavements, the backcalculation is based on the multi-layer elastic model. 
A deflection basin is calculated using inputs (e.g. thickness, seed values, and Poisson’s ratio), 
which attempts to match with the actual deflection basin. The program will repeatedly run 
with adjusting inputs of layer modulus values each time, until the total absolute difference 
between the calculated deflection and measured deflection is smaller than 10%. Meanwhile 
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the ELSYM5 is used as a subprogram to make the deflection basin calculations. Modulus of 
subgrade backcalculation uses the AASHTO (1986) method. 
Plate Loading Test 
The plate load test (PLT) can be conducted either on top of subgrades or base courses to 
determine soil bearing capacity and subgrade reaction. The reaction force from a piece of 
heavy equipment is transferred using a hydraulic jack acting against heavy mobile equipment 
or a frame. During the test, the applied load and the corresponding vertical displacement of 
the plate are recorded. The load-deflection relationship of soil can be plotted and evaluated, 
using the average deflection of the plate recorded by three linear voltage displacement 
transducers. Non-Repetitive static and repetitive plate load test are both presented in ASTM 
standards to determine the subgrade reaction (ASTM D 1195 and ASTM D 1196). 
Zimper (1961) conducted a study about plate bearing test performed in conjunction with 
the flexible pavement design in Florida. However, it is a time consuming and labor intensive 
test (NCHRP 1996). According to Fwa (2006), the test is not performed extensively in U.S. 
for highway construction, because that the large magnitude of load is required and the 
loading mode is not same as actual traffic.  
Light Weight Deflectometer 
Light weight deflectometer is a rapid and portable test to measure strength and stiffness 
of subgrade or base. This method can serve as a QA/QC method using in geotechnical 
construction (e.g., roadway, dam, and soil improvement). The main manufacturers of LWD 
are Zone, Kero, and Dynatest. Generally a LWD device consists of three parts: (1) a loading 
plate, (2) a geophone or accelerometer to determine deflection, and (3) a load cell or 
calibrated drop height to determine plate contact stress (Vennapusa and White 2009). Figure 
4 shows a schematic sketch of Zorn LWD (MN DOT 2009). 
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Figure 4. Schematic drawing of Zone LWD (from Mn DOT 2009) 
The elastic modulus ELWD is determined based on elastic half-space theory. The influence 
depth is about one time of the plate diameter (Fleming 2001). The applied force on a surface 
is assumed ideally to be constant for Zone LWD. Equations (3) is used for calculate the 
applied force. 
 𝐹 = �2𝑚𝑔ℎ𝐶 (3) 
Where: 
F=Applied force (N) 
m=mass of falling weight (kg) 
g=acceleration due to gravity, 9.81 (m/s2) 
h=drop height (m), and  
C=material stiffness constant (N/m) 
LWD can be an alternative method for PLT, due to its advantage. But some issues of 
LWD test has been found and discussed in Hossain and Apeagyei (2010). The poor 
correlation has been reported between compaction levels and LWD for controlling 
compaction. Using different test devices, high variability was existed in measured modulus 
1. Handle Grip 
2. Top Fix and Release Mechanism 
3. Guide Rod 
4. Falling Weight Grip 
5. 10-kg (22-lb) Falling Weight 
6. Lock Pin 
7. Steel Spring 
8. Anti-Tipping Fixture 
9. Load Center Ball 
10. Carry Grip 
11. Loading Plate 
12. Cable 
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for tests on same material with different devices. For example, the moduli measured with the 
Zorn LWD were 1.75 to 2.2 times higher than that of Keros LWD (White et al 2007). 
Correlation between LWD and FWD moduli varied (Livenh and Gold berg 2001, and Nazzal 
et al 2004). Vennapusa and White (2009) conducted an extensive literature review on several 
factors to influence ELWD measurement, including size of loading plate, plate contact stress, 
type and location of deflection sensors, plate rigidity, load transducer, and load rate and 
stiffness of buffer. 
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CHAPTER 3. TEST METHODS 
Field and laboratory tests were conducted to investigate pavement performance, 
characterize soil engineering properties, and analyze soil morphology and chemical 
composition. Field and laboratory tests are discussed as follows: 
FIELD TESTS 
Field tests performed were real-time kinematic-global positioning system (RTK-GPS), 
dynamic cone penetrometer (DCP), falling weight deflectometer (FWD), light weight 
deflectometer (LWD), plate load test (PLT), and boring and sampling.  
Real-Time Kinematic-Global Positioning System 
RTK-GPS was employed to record in-situ test locations with spatial coordinates (x, y and 
z). Precision of the system can reach approximately 10 mm horizontal and 20 mm vertical 
(White et al. 2010). 
Dynamic Cone Penetrometer 
Dynamic cone penetrometer (DCP) tests were performed to show pavement profiles and 
measure subgrade strength in according with ASTM D6951-03 “Standard Test Method for 
Use of the Dynamic Cone Penetrometer in Shallow Pavement Applications.” Holes with a 
diameter of 38 mm (1.5 in.) were drilled into the pavement layers before testing (Figure 5). 
Extension rods were added to DCP to a depth of 1.5 m (59 in.). Dynamic penetration index 
(DPI) and California bearing ratio (CBR) of subgrades can be calculated. To calculate CBR 
values, Equation (4) is applied: 
 CBR = 292(DCPI)1.12          (4) 
The weighted average CBR were calculated for each test points at all sites. 
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Figure 5. (a) Drilling a hole prior to DCP test, (b) dynamic cone penetrometer test 
Falling Weight Deflectometer 
FWD tests were conducted on ACC and PCC surfaces with a KUAB 2M-FWD 150. The 
applied load is transmitted to a circular loading plate. The loading plate has 300 mm (12 in.) 
diameter. One seating drop followed by other three test drops were applied using impacts 
loads of 27 KN (6000 lb), 40 KN (9000 lb), 54 KN (12000 lb), and 72 KN (16000 lb). The 
deflections were measured using seven deflection sensors mounted on a raise-lower bar and 
the actual applied force was measured using a load cell. The sensor distances from the center 
of loading plate (D0) are summarized in Table 5. The modulus of both stabilized subgrade, 
and natural subgrade were backcalculated based on deflection data using ERI data analysis 
software (ERI 2009). Temperature measurements of pavement were recorded at different 
depths through small drilled holes before FWD testing. The equipment of KUAB FWD is 
shown in Figure 6. 
Kim et al. (1995) conducted a study about temperature correction of deflections, and 
Equation (5) was presented to covert deflections (D0) to a reference temperature as following  
 𝐷68 = 10𝛼(68−𝑇) ∗ 𝐷𝑇 (5) 
Where: 
D68=adjusted deflection to the reference temperature of 20 0C (68 0F) 
(a) (b) 
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DT=deflection measured at temperature T (0F) 
α= 3.67 ×10-4 ×t1.4241 for lane center 
t=thickness of AC layer (in.), and 
T=the AC layer middepth temperature (0F) at time of FWD testing 
 
Table 5. Position of seven deflection sensors 
Deflection Sensors Offsets from center of loading plate  
D1 15 cm (6 in.) 
D2 31 cm (12 in.) 
D3 46 cm (18 in.) 
D4 71 cm (24 in.) 
D5 91 cm (36 in.) 
D6 122 cm (48 in.) 
D7 152 cm (60 in.) 
 
 
Figure 6. Kuab falling weight deflectometer 
Light Weight Deflectometer 
Light weight deflectometer tests were performed on the top base layer, stabilized 
subgrade, and natural subgrade to analyze stiffness and strength. The tests were conducted 
using a 300 mm diameter plate and a drop height of 0.5 m, following manufacturer 
recommendations (Zorn 2003). The average deflection was measured after three seating 
drops followed by three test drops. The following equation was used to calculate ELWD 
(Vennapusa and White 2009): 
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   E = (1−v2)б0a
d0
f (6) 
where: 
E = elastic modulus  
do = measured settlement,  
v = Poisson’s ratio (assumed as 0.4), 
б0 = applied stress,  
a = plate radius  
f is the shape factor depending on stress distribution. It is assumed as a value of 2 for 
stabilized subgrade, a value of π/2 for natural subgrade, and a value of 8/3 for base layer. 
Figure 7 shows LWD testing. 
 
Figure 7. Light weight deflectometer test  
Plate Load Test 
A static plate load test was performed on surface subgrade to measure load-deformation 
response and determine elastic modulus of stabilized subgrade in accordance with ASTM D 
1195 “Standard Test Method for Repetitive Static Plate Load Tests of Soils and Flexible 
Pavement Components, for Use in Evaluation and Design of Airport and Highway 
Pavements.” A static load was applied on a 300 mm diameter plate. The pavement 
deflections were calculated using data measured by three 50 mm linear voltage displacement 
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transducers, while the actual applied load was measured by a load cell. Equation (3) was 
applied to determine initial (EV1) and re-load (EV2) modulus, and the deformation reading 
was taken from 0.2 to 0.4 for stabilized subgrades. Using Equation (7), the modulus of 
subgrade reaction for using 762 mm (30 in.) diameter plate was converted (Terzaghi 1955). 
According to AASHTO T 222-81, a value of uncorrected modulus of soil (k′u) was 
calculated using Equation (8). Correction of K’U value for bending of the plate was made 
using the curve in Figure 8. PLT testing is shown in Figure 9.  
 𝐾′𝑈 = 𝐾′𝑈1 B+B12B  (7) 
B1=side dimension of a square plate used in load test (m) 
B=width of footing (m), 
K’U=modulus of subgrade reaction (kPa/mm), and  
K’U1=stiffness estimated from a static plate load test (kPa/mm) 
 𝐾′𝑈1 = 69.0 kPa (psi)average deflection (8) 
 
Figure 8. Correction of k′U for bending of the plate (from AASHTO T 222-81) 
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Figure 9. Plate load test  
Boring and Sampling  
A pavement coring equipment with 355 mm (14 in.) inside diameter was used to drill 
PCC and Asphalt pavement (Figure 10). Shelby tubes with 71 mm (3 in.) diameter were 
hydraulically and vertically pushed into subgrades to obtain the undisturbed stabilized 
samples to perform unconsolidated-undrained triaxial compression tests (Figure 10). Bag 
samples were collected for bases, natural subgrades and stabilized subgrades. The stabilized 
subgrade samples were collected at 50 to 76 mm (2 to 3 in.) intervals. Natural subgrades 
were collected from underlying stabilized subgrade layer and in ditch areas adjacent to the 
test locations. All samples were sealed in plastic bags or buckets and transported to ISU soil 
research lab for further laboratory tests. Figure 11 shows top the lime stabilized subgrade and 
about 300 mm (12 in.) pavement core. 
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Figure 10. (a) Paving coring (b) collecting of undisturbed Shelby tube sample 
 
 
Figure 11. (a) Top stabilized subgrade (b) pavement core  
  
(a) (b) 
(a) (b) 
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LABORATORY TESTS 
Laboratory tests were conducted including: moisture content, gradation, and index 
properties, pH test, unconsolidated-undrained triaxial compression tests (UU), and scanning 
electron microscope (SEM). 
Moisture Test 
The moisture content of soil samples was determined following ASTM D 2216-09 
“Standard Test Methods for Laboratory Determination of Water (Moisture) Content of Soil 
and Rock by Mass.” The moisture contents of Shelby tube and bag samples were measured 
within one week of transported to the laboratory.  
Particle Size Distribution Analysis and Index Properties 
Bag samples of subgrade and base were tested to determine their particle size distribution 
in accordance with ASTM D422-63 “Standard Test Method for Particle-Size Analysis of 
Soils.” Atterberg limits tests were conducted in accordance with ASTM D4318-05 “Standard 
Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index of Soils.” The samples 
were prepared using the wet method and passed the No.40 sieve. The multi-point method was 
applied for liquid limit tests.  
According to Unified Soil Classification System (USCS) and (AASHTO) classification, 
soils were classified. Both test results of particle size analysis and Atterberg limits were used 
for classification. 
pH Test 
The pH measurement of stabilized and natural subgrade samples was carried out in 
accordance with ASTM D 4972-01 (2007) “Standard Test Method for pH of Soils.” Each 10 
g sample was mixed with 10 ml distilled water. Three buffer solutions (pH=4.0, pH=7.0, and 
pH=12.0) were used for calibration of the meter (Accumet XL20) before testing. After 15 
minutes of mixing, the pH of samples was measured. 
Unconsolidated-Undrained Triaxial Compression Tests 
UU tests were used to determine undrained shear strength followed with ASTM D 2850 
“Standard Test Method for Unconsolidated-Undrained Triaxial Compression Test on 
Cohesive Soils.” The tests were conducted using undisturbed Shelby tubes samples of 
stabilized subgrades. A confining pressure used was 34.5 kPa (5 psi). Figure 12 shows the 
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Shelby tube sample that was pushed out the tube using a hydraulic piston. Before extruding, 
all Shelby tubes were stored in a moisture room. The ratio of height to diameter of 2 
(142 mm height and 71 mm diameter) was used to prepare test samples. Mass of samples was 
measured prior to the test and moisture contents were measured after the test to perform 
volumetric analysis. 
 
Figure 12. Shelby tube sample after extraction 
Scanning Electron Microscope Analysis 
SEM analysis was used to identify the surface morphology of natural and stabilized 
subgrade, and compare their differences. The equipments used were a Hitachi S2460-N 
variable pressure and FEI Quanta 250 FEG scanning electron microscope. Using a blade, the 
specimens of SEM were prepared with a flat surface (Figure 13). Quantitative mineralogical 
analysis of subgrade samples was conducted using energy dispersive spectrometry (EDS), 
which uses the same equipment with SEM. Element maps provide the distribution of 
elements on the top layer of the sample. The white product was randomly presented in 
stabilized subgrade at the US 183 test site (Figure 14), which was investigated using SEM.  
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Figure 13. Prepared SEM samples from test sites in Kansas 
 
 
Figure 14. White product presented in stabilized subgrade at test site of US 183 
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CHAPTER 4. CASE STUDIES 
This chapter consists of site information, material properties, SEM analysis, pH of soil, 
and in-situ soil strength/stiffness for each test site. The site information describes site 
location, pavement profile, construction history, and in-situ test point locations. The material 
properties of soil include soil classification, index properties, and moisture content. The 
results of pH values of stabilized and natural subgrade are presented. SEM analysis describes 
soil structure and chemical composition of subgrade. The results of soil strength and stiffness 
of subgrade are analyzed to evaluate the long-term performance of stabilized subgrade. Site 
location, section length, layer thickness, stabilizer, and construction year at each site are 
summarized in Table 6. 
Table 6. Summary of test site information 
Road 
Name Location 
Section 
Length Current Layer Thickness Stabilizer 
Cons. 
Year 
SH 121 
Forth Worth, Tarrant 
County, TX 370 m 
(1) 75 mm AC  
(2) 200 mm flex base  
(3) 200 mm stab. subg. lime 1995 
FM 1709 
Forth Worth, Tarrant 
County, TX 300 m 
(1) 150 mm AC  
(2) 200 mm flex base  
(3) 150 mm stab. subg. lime 1994 
US 287 
Mansfield, Tarrant 
County, TX 600 m 
(1) 89 mm AC 
(2) 280 mm flex base  
(3) 356 mm stab. subg. lime 1982 
US 183 
Clinton, Washita 
County, OK 300 m 
(1) 300 mm AC  
(2) 203 mm stab. subg. 5% lime 1999 
SH 99 
Seminole, Seminole 
County, OK 500 m 
(1) 254 mm AC 
(2) 152 mm base  
(3) 203 mm stab. subg. 
12-14% 
fly ash 1999 
US 59 
Clinton, Washita 
County, OK 500 m 
(1) 254 mm AC  
(2) 254 mm base  
(3) 203 mm stab. subg. 
12-14% 
fly ash 2000 
US 75 
SB 
Lyndon, Osage 
County, KS 700 m 
(1) 330 mm AC  
(2) 50 mm base  
(3) 100 mm stab. subg. 5% lime 1995 
US 75 
NB 
Hoyt, Jackson 
County, KS 220 m 
(1) 229 mm PCC  
(2) 102 cement treated base 
(3) 152 mm stab. subg. lime 1995 
K 7 
Doniphan, Doniphan 
County, KS 500 m 
(1) 229 mm AC  
(2) 300 mm stab. subg. 
14-18% 
fly ash 2005 
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SH 121, TX 
Site Description 
This project was located on the south bound of SH121 in Fort Worth, Tarrant County, 
Texas. The general location of this site is shown in Figure 15. This road is a four-lane State 
Highway. The road was constructed in 1982, and originally consisted of a 25 mm (1 in.) 
thick asphalt concrete (AC), 200 mm (8 in.) flex base, and 200 mm (8 in.) lime stabilized 
subgrade. A HMA overlay with a thickness of 50 mm (2 in.) was placed in 2008. The current 
pavement consists of a 75 mm (3 in.) thick asphalt concrete (AC), a 200 mm (8 in.) flex base, 
and 200 mm (8 in.) lime stabilized subgrade. The length of this test section is approximately 
370 m (1214 ft). Iowa State University (ISU) research team conducted in-situ testing on 
August 4, 2010 with assistance and traffic control provided by Texas DOT. 
The plan view of in-situ test locations is shown in Figure 16. The research team 
preformed FWD tests on the surface of ACC pavement at intervals of about 10-30 m from 
test points 1 to 14. DCP were conducted at test point 4. After coring, LWD was performed on 
the top of stabilized subgrade at test points 4, 7, and 11. PLT was performed on the top of 
stabilized subgrade at test points 4 and 7. Bag samples of base and stabilized subgrade were 
collected at test points 4, 7, and 11.  
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Figure 15. Project location of SH 121 
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Figure 16. Test section plan layout 
 
 
Figure 17. Site overview  
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Test Results and Analysis 
Material Properties of Base and Subgrade 
The base and stabilized subgrade samples were taken at test point 7. According to USCS 
and AASHTO, the flex base was classified as GM and A-1-b, and the stabilized subgrade 
was classified as SM and A-2-4. Table 7 presents material properties of base and subgrade. 
The sand content of stabilized subgrade was high about 62.4%, and the clay content was low 
about 6.7%. The LL value of stabilized subgrade sample was 26.5. The stabilized subgrade is 
a non plastic soil. Figure 18 shows particle size distribution curves of base and stabilized 
subgrade. 
Table 7. Summary of material properties 
Parameter SH 121 TX 
Material Description Base 
Stabilized 
Subgrade 
Depth mm (in.) 0-200 (0-8) 0-100 (0-4)  
Gravel Content (%) (> 4.75mm) 46.3 10.2 
Sand Content (%) (4.75mm – 75μm) 37.2 62.4 
Silt Content (%) (75μm – 2μm) 12.9 20.7 
Clay Content (%) (< 2μm) 3.6 6.7 
Coefficient of Uniformity (Cu) 501.8 40.6 
Coefficient of Curvature (Cc) 6.3 5.8 
Liquid Limit, LL (%) 21.0 26.5 
Plasticity Index, PI 9.0 N.P. 
AASHTO A-1-b A-2-4 
USCS GM SM 
Water Content (%) 3.9 15.4 
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Figure 18. Particle size distribution curves for subgrade materials  
pH of Stabilized and Natural Subgrade 
The pH value of stabilized subgrade was 9.2. 
SEM Analysis 
The energy dispersive spectrometry (EDS) map of stabilized subgrade is shown in Figure 
19. The majority elements were silica (Si), alumina (Al), and oxygen (O). Calcium (Ca) is 
rarely presented in this sample. Additional present elements were iron (Fe) and magnesium 
(Mg).  
Figure 20 and Figure 21 compares element concentration with different magnification in 
Al, Si, O, S, Mg, Ca, K, and C for stabilized subgrade. The sample at 30 × magnifications 
shows higher concentration of Ca than that sample at 150 × magnifications. The sample at 
500× magnification shows higher concentration of Al, O, and Si than the sample at 150× 
magnification. All SEM images are presented in Figure 22 and Appendix D. 
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Figure 19. EDS map of stabilized subgrade sample (1500×) 
 
 
Figure 20. EDS intensity counts for stabilized subgrade sample (red line: 30×; blue line: 
150×) 
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Figure 21. EDS intensity counts for stabilized subgrade sample (red line: 500× 
magnification, blue line: 150× magnification) 
 
  
  
Figure 22. SEM images of stabilized subgrade 
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Stiffness and Strength  
CBR values of stabilized and natural subgrade are converted from DPI using Equation (4). 
DCP-CBR profile is shown in Figure 23. The major observations are: (1) the average CBR of 
the stabilized subgrade was 95%, (2) the average CBR increases as the depth increases, and 
(3) the top 50 mm (2 in.) stabilized subgrade has a low CBR ranging from 8-20%.  
Backcalculated subgrade elastic moduli (EFWD) and deflections (D0) were presented in 
Figure 24. In the backcalculation, the applied test load was 57.7 KN (12965 lb). The 
assumptions of poison’s ratio were 0.35, 0.35, 0.40, and 0.40 for ACC surface layer, flex 
base, stabilized subgrade, and natural subgrade layer respectively. Detailed assumptions of 
seed values and layer thickness are summarized in Appendix E. The key findings are: 
• The average D0 was about 0.32 mm under the applied average load. As D0 
decreases, backcalculated EFWD of both stabilized and natural subgrade increase.  
• The average EFWD was 262 MPa for natural subgrade and increased to 1129 MPa 
for stabilized subgrade. 
• The average EFWD of stabilized subgrade was about 430% of natural subgrade 
• The values of EFWD of stabilized and natural subgrade varied significantly 
indicating non-uniform subgrade properties. 
Figure 25 presents the stress-strain relationship at test points 4 and 7. The values of EV1 
and EV2 were calculated in the first circle and after reloading. The uncorrected modulus of 
soil reaction k′u was calculated using deflection under a load of 69.0 kPa as shown in Figure 
26 and Figure 27. The correction of k′u was made using the curve in Figure 8. The average 
LWD elastic modulus (ELWD) was presented in Table 8. The average ELWD of stabilized 
subgrade was equal to 0.4 EV1 and 0.2 EV2. The elastic modulus ratio between stabilized and 
natural subgrade is provided in Table 9. The mean value, standard deviation, and coefficient 
of variation of in-situ test results were listed in Table 10. All in-situ test results are presented 
in Appendix F. 
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Figure 23. CBR – DCP profile at test point 4 
 
 
Figure 24. Backcalculated FWD elastic modulus of stabilized and natural subgrade, and 
deflections under the loading plate 
Distance (m)
0 100 200 300 400
E
FW
D
-S
S
 (M
P
a)
0
400
800
1200
1600
2000
2400
2800
E
FW
D
-N
S
 (M
P
a)
100
200
300
400
500
600
Elastic Modulus of Stabilized Subg. 
Elastic Modulus of Natural Subg.
Distance (m)
0 100 200 300 400
D
ef
le
ct
io
n,
 D
0 (
m
m
) 0.0
0.2
0.4
0.6
0.8
Uncorrected Deflection 
(1) (3) (5) 
(7) 
(9) 
(11) (13) 
Average Applied Load=57.7 KN
(2) (4)
(6)
(8) (10) (12) (14)
Average Applied Load=57.7 KN
(1) 
(2)
(3) 
(4) (5) 
(6)
(7) 
(8)
(9) 
(10)
(11) 
(12) (13) 
(14)
40 
 
 
Figure 25. Stress – strain curves from plate load tests at points 4 and 7 
 
 
Figure 26. Stress – strain curves for obtaining KU at point 4 
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Figure 27. Stress – strain curves for obtaining Kuat at point 8 
 
Table 8. Summary of LWD test results 
Test 
Point Material Type Depth of Measurement ELWD  
Ave. 
ELWD 
     MPa MPa 
PT 4 Base Top of base 93 
108 PT 11 Base 25 mm from top of base 125 
PT 4 Base 75 mm from top of base 73 
PT 7 Base 100 mm from top of base 140 
PT 4 Stab. subgrade Top of stab. subgrade 51 
69 PT7 Stab. subgrade Top of stab. subgrade 87 
PT 11 Stab. subgrade Top of stab. subgrade 70 
 
Table 9. Summary of elastic modulus ratio between stabilized and natural subgrade 
Ratio of Stab. Subg./Nat. Subg.  
EFWD  4.3 
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Table 10. Summary statistics of test results from in-situ testing  
Statistic 
Flex  
Base Stabilized Subgrade 
Nat. 
Subg. 
FWD 
Def. 
Measurement ELWD CBR EFWD ELWD EV1 EV2 kU EFWD D0-Cor. 
  MPa % MPa MPa MPa MPa kPa/mm MPa mm 
Number of 
Measurement (n) 
4 1 14 3 2 2 2 14 14 
Mean Value (µ) 108 119 1129 69 211 349 182 262 0.32 
Standard 
Deviation (σ) 30 — 583 18 100 16 — 72 0.11 
Coefficient of 
Variation 
COV(%) 
28 — 52 26 48 4 — 28 33 
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FM 1709, TX 
Site Description 
This project was located on the west bound of FM 1709 in Fort Worth, Tarrant County, 
Texas. The general location of this site is shown in Figure 28. This road is a six-lane Urban 
Road. The old pavement was constructed in 1987, and originally consisted of a 100 mm 
(4 in.) thick asphalt concrete (AC), a 200 mm (8 in.) flex base, and 150 mm (6 in.) lime 
stabilized subgrade. A 50 mm (2 in.) HMA overlay was placed in 2007. The pavement 
currently consists of a 150 mm (6 in.) thick asphalt concrete (AC), 200 mm (8 in.) flex base, 
and 150 mm (6 in.) lime stabilized subgrade. The length of this test section is approximately 
300 m (984 ft). ISU research team conducted in-situ testing on August 4, 2010 with 
assistance and traffic control provided by Texas DOT. 
The plan view of in-situ test locations is shown in Figure 29. The research team 
preformed FWD tests on the surface of ACC pavement at intervals of about 40 m from test 
points 1 to 7. DCP were conducted at test point 1. After coring, LWD and PLT were only 
performed on the top of stabilized subgrade at test point 1. Bag samples of base and 
stabilized subgrade were collected at test point 1. 
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Figure 28. Project location of FM 1709 
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Figure 29. Test section plan layout 
 
 
Figure 30. Site overview  
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Test Results and Analysis 
Material Properties of Base and Subgrade 
The base and stabilized subgrade samples were taken at test point 1. According to USCS 
and AASHTO, the flexible base was classified as GM and A-1-b, and the stabilized subgrade 
was classified as SM and A-4. Table 11 provides material properties of subgrade, and it is 
shown that gravel, sand, silt, and clay content of soil sample. The stabilized subgrade is a non 
plastic soil. Figure 31 shows particle size distribution curves of base and subgrade.  
Table 11. Summary of material properties 
Parameter FM 1709 TX 
Material Description Base Stabilized Subgrade 
Depth mm (in.) 0-200 (0-8) 0-75 (0-3) 
Gravel Content (%) (> 4.75mm) 42.8 4.2 
Sand Content (%) (4.75mm – 75μm) 37.1 55.2 
Silt Content (%) (75μm – 2μm) 15.4 36.9 
Clay Content (%) (< 2μm) 4.7 3.7 
Coefficient of Uniformity (Cu) 856.4 14.1 
Coefficient of Curvature (Cc) 10.0 2.2 
Liquid Limit, LL (%) 21.2 — 
Plasticity Index, PI 7.5 N.P. 
AASHTO A-1-b A-4  
USCS GM SM 
Water Content (%) 7.0 17.3 
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Figure 31. Particle size distribution curves for subgrade materials  
pH of Stabilized and Natural Subgrade 
The pH value of stabilized sample was 9.6. 
SEM Analysis 
The energy dispersive spectrometry (EDS) map of stabilized subgrade is shown in Figure 
32 and Figure 33. The majority elements were calcium (Ca), silica (Si), alumina (Al), and 
oxygen (O). These elements commonly exist in lime stabilized subgrade. Additional 
elements were iron (Fe), potassium (K), and Sodium (Na).  
Figure 34 shows element concentration in Al, Si, O, S, Mg, Ca, K, and C for stabilized 
subgrade. The stabilized subgrade sample has higher concentration of Si, Al, O, and Ca, and 
less concentration of C, Fe, and Mg. All SEM images are presented in Figure 35 and 
Appendix D. 
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Figure 32. EDS map of stabilized subgrade sample (150 ×) 
 
 
Figure 33. EDS map of stabilized subgrade sample (800 ×) 
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Figure 34. EDS intensity counts for stabilized subgrade sample (red line: 500×;  
blue line: 150×) 
 
  
  
Figure 35. SEM images of stabilized subgrade 
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Stiffness and Strength  
CBR values of stabilized and natural subgrade are converted from DPI using Equation (4). 
DCP-CBR profile and cumulative drops versus CBR are shown in Figure 36. The following 
observations are: (1) the average CBR of the stabilized subgrade was 53%, (2) the average 
CBR of the natural subgrade was 24%, (3) the CBR of the stabilized subgrade was 220% of 
the natural subgrade, and (4) the top 50 mm (2 in.) layer of stabilized subgrade has very low 
CBR ranging from 10-30%.  
Backcalculated subgrade elastic moduli (EFWD) and deflections (D0) were presented in 
Figure 37. In the backcalculation, the applied test load was 56.0 KN (12573 lb). The 
assumptions of poison’s ratio were 0.35, 0.35, 0.40, and 0.40 for ACC surface layer, flex 
base, stabilized subgrade, and natural subgrade layer respectively. Stabilized subgrade 
moduli were calculated based on designed or effective stabilized subgrade thickness obtained 
from DCP profiles. Detailed assumptions of seed values and layer thickness are summarized 
in Appendix E. The key findings are: 
• The average D0 was about 0.45 mm under the applied average load. As D0 
decreases, backcalculated EFWD of stabilized and natural subgrade increase.  
• The average EFWD was 127 MPa for natural subgrade and increased to 396 MPa 
for stabilized subgrade. 
• The average EFWD of stabilized subgrade was about 310% of natural subgrade 
• For those test points, the values of EFWD of stabilized and natural subgrade varied 
significantly indicating non-uniform subgrade soil properties. 
Figure 38 presents the stress-strain relationship at test point 1. The values of EV1 and EV2 
were calculated in the first circle and after reloading. The uncorrected modulus of soil 
reaction k′u was calculated using deflection under a load of 69.0 kPa as shown in Figure 39. 
The correction of k′u was made using the curve in Figure 8. The average LWD elastic 
modulus (ELWD) of stabilized subgrade was equal to 1.4 EV1 and 1.0 EV2.  
Table 12 provides the elastic modulus ratio between stabilized and natural subgrade. The 
mean value, standard deviation, and coefficient of variation of in-situ test results were listed 
in Table 13. All in-situ test results are presented in Appendix F. 
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Figure 36. CBR – DCP profile and cumulative drops versus CBR at test point 1 
 
 
Figure 37. Backcalculated FWD elastic modulus of stabilized and natural subgrade, and 
deflections under the loading plate 
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Figure 38. Corrected stress – strain curve from plate load test at point 1  
 
 
Figure 39. Stress – strain curves for obtaining KU at point 1 
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Table 12. Summary of elastic modulus ratio between stabilized and natural subgrade 
Stab. Subg./Nat. Subg. Ratio 
CBR EFWD 
2.2 3.1 
 
Table 13. Summary statistics of test results from in-situ testing 
Statistic Stabilized Subgrade 
Natural 
Subgrade 
FWD 
Def. 
Measurement CBR ELWD EV1 EV2 EFWD kU Thi. CBR EFWD D0 
  % MPa MPa MPa MPa kPa/mm mm % MPa mm 
Number of 
Measurement (n) 
1 1 1 1 8 1 1 1 8 8 
Mean Value (µ) 53 180 129 184 396 99 100 24 127 0.45 
Standard 
Deviation (σ) 
— — — — 237 — — — 46 0.10 
Coefficient of 
Variation COV 
(%) 
— — — — 60 — — — 36 23 
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US 287, TX 
Site Description 
This project was located on the south bound of US 287 in Mansfield, Tarrant County, 
Texas. The general location of this site is shown in Figure 40. The road is a four-lane U.S. 
Highway. The old pavement was constructed in 1982, and originally consisted of a 38 mm 
(1.5 in.) thick asphalt concrete (AC), 280 mm (11 in.) flex base, and 356 mm (14 in.) lime 
stabilized subgrade. A HMA overlay with a thickness of 50 mm (2 in.) was placed in 2008. 
The pavement currently consists of a 89 mm (3.5 in.) thick asphalt concrete (AC), 280 mm 
(11 in.) flex base, and 356 mm (14 in.) lime stabilized subgrade. The length of this test 
section is approximately 600 m (1969 ft). ISU research team conducted in-situ testing on 
August 5, 2010 with assistance and traffic control provided by Texas DOT. 
The plan view of in-situ test locations is shown in Figure 41. The research team 
preformed FWD tests on the surface of ACC pavement at intervals of about 20-30 m from 
test points 1 to 19. DCP were conducted at test points 12, 15, and 16. After coring, LWD and 
PLT were performed on the top of stabilized subgrade at test point 12. Bag samples of base 
and stabilized subgrade were collected at test point 12. 
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Figure 40. Project location of US 287 
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Figure 41. Test section plan layout 
 
 
Figure 42. Site overview  
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Test Results and Analysis 
Material Properties of Base and Subgrade 
The base and stabilized subgrade samples were taken from different depths at test point 
12 from the top to a depth of 200 mm (8 in.). According to USCS and AASHTO, the top 50 
mm (2 in.) stabilized subgrade was classified as ML and A-4, and the stabilized subgrade 
from a depth of 50-200 mm (2-8 in.) was classified as SM and A-4. It is noticed that the top 
50 mm (2 in.) stabilized soil shows different soil type with the stabilized subgrade from a 
depth of 50-200 mm (2-8 in.). Table 14 provides material properties of base and stabilized 
subgrade. The average PI value of the top 50 mm (2 in.) stabilized subgrade samples is 
higher than the stabilized subgrade from a depth of 50-200 mm (2-8 in.). Figure 43 shows 
particle size distribution curves of base and subgrade materials at varied depths. Test results 
show the soil type of subgrade has been modified after treatment. 
Table 14. Summary of material properties 
Parameter US 287 TX 
Material Description Base 
Stab. 
Subgrade 
Stab. 
Subgrade 
Stab. 
Subgrade 
Depth mm (in.) 
0-280 
(0-11) 
0-50  
(0-2) 
50-150  
(2-6) 
150-200 
(6-8) 
Gravel Content (%) (> 4.75mm) 51.1 6.4 2.6 17.2 
Sand Content (%) (4.75mm – 75μm) 32.6 36.7 56.8 47.1 
Silt Content (%) (75μm – 2μm) 11.8 31.6 26.9 29 
Clay Content (%) (< 2μm) 4.5 25.3 13.7 6.7 
Coefficient of Uniformity (Cu) 692.7 286 346.8 262.1 
Coefficient of Curvature (Cc) 17.0 0.21 0.22 1.24 
Liquid Limit, LL (%) 17.0 54.8 54.4 54.6 
Plasticity Index, PI 6.6 20.0 12.9 13.4 
AASHTO A-1-b A-4  A-4  A-4  
USCS GM ML SM SM 
Water Content (%) 6.5 33.3 35.4 36.7 
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Figure 43. Particle size distribution curves for subgrade materials  
pH of Stabilized and Natural Subgrade 
Table 15 shows pH values of stabilized subgrade from a depth of 0-200 mm (0-8 in.). It 
decreases gradually from the top to bottom of stabilized subgrade. 
Table 15. Summary of pH value of subgrade 
Depth mm (in.) pH 
0-50 (0-2) 8.2 
50-150 (2-6) 8.7 
150-200 (6-8) 9.2 
SEM Analysis 
The energy dispersive spectrometry (EDS) map of stabilized subgrade is shown in Figure 
44. The majority elements were calcium (Ca), silica (Si), alumina (Al), and oxygen (O). 
These elements commonly exist in lime stabilized subgrade. Additional elements were iron 
(Fe), potassium (K), and Sodium (Na).  
Figure 45 and Figure 46 compares element concentration in Al, Si, O, S, Mg, Ca, K, and 
C for stabilized subgrade. The sample shows higher concentration of Ca, Si, Al, and O, and 
less concentration of Fe, S, and Mg. All SEM images are presented in Figure 47 and 
Appendix D. 
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Figure 44. EDS map of stabilized subgrade sample (1000 × magnification) 
 
 
Figure 45. EDS intensity counts for stabilized subgrade sample (red line: 500×;  
blue line: 150×) 
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Figure 46. EDS intensity counts for stabilized subgrade sample (red line: 1000×; blue 
line: 500×) 
 
  
  
Figure 47. SEM images of stabilized subgrade 
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Stiffness and Strength  
CBR values of stabilized and natural subgrade are converted from DPI using Equation (4). 
DCP-CBR profile and cumulative drops versus CBR are shown in Figure 48. The major 
observations are: (1) the average CBR of the stabilized subgrade was 163%, (2) the average 
CBR of the natural subgrade was 22%, (3) the CBR of the stabilized subgrade was 740% of 
the natural subgrade, (4) the top and bottom layer of stabilized subgrade has a lower CBR 
than the middle layer, and (5) from DCP profiles, the actual treatment thickness was thicker 
than the design value. 
Backcalculated subgrade elastic moduli (EFWD) and deflections (D0) were presented in 
Figure 49. In the backcalculation, the applied test load was 57.0 KN (12785 lb). The 
assumptions of poison’s ratio were 0.35, 0.35, 0.40, and 0.40 for ACC surface layer, flex 
base, stabilized subgrade, and natural subgrade layer respectively. Stabilized subgrade 
moduli were calculated based on designed or effective stabilized subgrade thickness obtained 
from DCP profiles. Detailed assumptions of seed values and layer thickness are summarized 
in Appendix E. The key findings are: 
• The average D0 was about 0.34 mm under the applied average load. As D0 
decreases, backcalculated EFWD of both stabilized and natural subgrade increase.  
• The average EFWD was 111 MPa for natural subgrade and increased to 926 MPa 
for stabilized subgrade. 
• The average EFWD of stabilized subgrade was 830% of the natural subgrade. 
• The values of EFWD of natural and stabilized subgrade varied significantly 
indicating non-uniform subgrade soil properties. 
Figure 50 presents the stress-strain relationship at test point 12. The values of EV1 and 
EV2 were calculated in the first circle and after reloading. The uncorrected modulus of soil 
reaction k′u was calculated using deflection under a load of 69.0 kPa as shown in Figure 51. 
The correction of k′u was made using the curve in Figure 8. The average LWD elastic 
modulus (ELWD) of stabilized subgrade was presented in Table 16, which is equal to 0.4 EV1 
and 0.3 EV2. Table 17 provides the elastic modulus ratio between stabilized and natural 
subgrade. The mean value, standard deviation, and coefficient of variation of in-situ test 
results were listed in Table 18. All in-situ test results are presented in Appendix F. 
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Figure 48. CBR – DCP profile and cumulative drops versus CBR of test points 
 
 
Figure 49. Backcalculated FWD elastic modulus of stabilized and natural subgrade, and 
deflections under the loading plate 
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Figure 50. Corrected stress – strain curve from plate load test at point 12  
 
 
Figure 51. Stress – strain curves for obtaining KU at point 12 
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Table 16. Summary of LWD test results 
Test 
Point Material Type Depth of Measurement ELWD  
Average 
ELWD 
     MPa MPa 
PT 12 Base Top of base 102 
107 PT 12 Base 60 mm from top of base 112 
PT 12 Base 95 mm from top of base 102 
PT 12 Stab. Subgrade Top of stabilized subgrade 65 65 
 
Table 17. Summary of elastic modulus ratio between stabilized and natural subgrade 
Stab. Subg./Nat. Subg. Ratio 
CBR EFWD 
7.4 8.3 
 
Table 18. Summary statistics of test results from in-situ testing 
 Statistic Base Stabilized Subgrade 
Natural 
Subgrade 
  CBR ELWD CBR  EFWD kU ELWD EV1 EV2 Thi. EFWD CBR  
 
% MPa % MPa kPa/mm MPa MPa MPa mm MPa % 
Number of 
Measurement 
(n) 
2 1 2 19 1 1 1 1 1 19 1 
Mean Value (µ) 97  107  163 926 126 65 150 235 400 111 22 
Standard 
Deviation (σ)  52 —  18 685 — — — — — 17 — 
Coefficient of 
Variation COV 
(%) 
 53 — 11  74 — — — — — 15 — 
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US 183, OK 
Site Description 
This project was located on the south bound driving lane of US 183 near south of Clinton, 
in Washita County, Oklahoma. The general location of this site is shown in Figure 52. This 
road is a four-lane U.S. Highway. The design life of pavement is 20 years, equivalent single 
axle loads (ESALS) was 10.6 million, and annual average daily traffic was 4400 in 1998 and 
estimated to be 6600 in 2018. The road was constructed in 1999, and a HMA overlay with a 
thickness of 50 mm (2 in.) was placed in 2009. The pavement originally consisted of a 
254 mm (10 in.) thick asphalt concrete (AC) and 203 mm (8 in.) lime stabilized subgrade. 
The pavement currently consists of a 300 mm (12 in.) thick asphalt concrete (AC), and 
203 mm (8 in.) lime stabilized subgrade (Figure 53). No base layer was presented in between 
subgrade and ACC pavement. The length of this test section is approximately 300 m (984 ft). 
The subgrade was stabilized with 5% lime from station 385+00 to 641+00. ISU research 
team conducted in-situ testing between station 407+00 to 414+00 on September 28th, 2010 
with assistance and traffic control provided by Oklahoma DOT. 
The plan view of in-situ test locations is shown in Figure 54. The research team 
preformed FWD tests on the surface of ACC pavement at intervals of about 10 m from test 
points 1 to 25. DCP were conducted at test points 1, 3, 8, 9, 12, 15, 18, and 25. After coring, 
LWD and PLT were performed on the top of stabilized subgrade at test point 8. Bag samples 
were collected at test point 8 from the top to a depth of 300 mm (12 in.) of subgrade at 
intervals of 50 to 75 mm (2 to 3 in.). Natural subgrade samples were also collected at test 
points 26, 27, and 28.  
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Figure 52. Project location of US 183 
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Figure 53. Typical cross section 
 
 
Figure 54. Test section plan layout 
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Figure 55. Site overview  
Test Results and Analysis 
Material Properties of Subgrade 
The stabilized subgrade samples were taken from different depths at test point 8. The 
natural subgrade sample was taken at test point 26. According to USCS and AASHTO, the 
natural subgrade was classified as ML and A-4, and the stabilized subgrade was classified as 
SM, A-4, and A-2-4. The summary of material properties of subgrade is provided in Table 19. 
The gravel content increased from about 1.5% to 25%, and the sand content increased from 
about 14.2% to 40%. The clay content decreased from about 15.9 % to 4.9 %, and the silt 
content decreased from about 68.4% to about 30%. LL values of stabilized and natural 
subgrade samples were approximately equal. PI values of stabilized subgrade samples were 
about 3-4 smaller than those of natural subgrade. The moisture content was around 20% for 
the stabilized subgrade and 10% for the natural subgrade. Figure 56 shows particle size 
distribution curves of different subgrade layers. Test results show the soil type of subgrade 
has been modified after treatment. In-situ density and moisture content of some test points 
were recorded during construction shown in Appendix G. 
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Table 19. Summary of material properties 
Parameter US 183 OK 
Material Description Natural Sub. 
Stab. 
Sub. 
Stab. 
Sub. 
Stab. 
Sub. 
Stab. 
Sub. Sub. 
Depth mm (in.) — 0-90 (0-3) 
90-140 
(3-5) 
140-191 
(5-7) 
191-254 
(7-9.5) 
254-305 
(9.5-11.5) 
Gravel (%) (> 4.75mm) 1.5 25.1 28.8 25.9 19.4 13.9 
Sand (%) (4.75mm-75μm) 14.2 39.4 42.7 39.5 39.4 31.5 
Silt (%) (75μm–2μm) 68.4 30.6 24.7 30 35.2 46.2 
Clay (%) (< 2μm) 15.9 4.9 3.8 4.6 6 8.4 
 Cu — 286 407 321 184.5 57.9 
 Cc — 0.2 0.5 0.2 0.3 0.7 
Liquid Limit, LL (%) 33.9 34.7 37 34.5 35.9 30.5 
Plasticity Index, PI 10.2 6.5 8.8 5.4 4.5 6.7 
AASHTO A-4 A-4 A-2-4 A-2-4 A-4 A-4 
USCS ML SM SM SM SM ML 
Water Content (%) 9.9 22.2 22.3 21.0 21.0 18.0 
 
 
Figure 56. Particle size distribution curves for subgrade materials  
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pH of Stabilized and Natural Subgrade 
Figure 57 shows the pH profile of subgrade at test point 8. The pH values of stabilized 
subgrade varied from 8.1 to 8.9. The pH value of natural subgrade varied from .7.9-8.3. A 
general trend is followed from higher to lower pH from the top stabilized to natural subgrade.  
 
Figure 57. pH profile of subgrade  
SEM Analysis 
The energy dispersive spectrometry (EDS) map of stabilized subgrade is shown in Figure 
58. The majority elements were calcium (Ca), silica (Si), alumina (Al), and oxygen (O). 
These elements are commonly existed lime stabilized subgrade. Additional present elements 
were iron (Fe), potassium (K), and Sodium (Na).  
Figure 59 compares element concentration in Al, Si, O, S, Mg, Ca, K, and C for 
stabilized and natural subgrade. Natural subgrade sample shows less concentration of Ca and 
C, and higher concentration of Si, Al, O, and Mg.  
SEM images of natural and stabilized subgrade samples at 5000×maginification are 
shown in Figure 60 and Figure 62. SEM images of natural and stabilized subgrade samples at 
71 
 
15000×maginification are shown in Figure 61 and Figure 63. The natural subgrade sample 
shows particle with thin wave, flakes arrangement, and some pore space. The stabilized 
subgrade sample shows particle with blocked type particles, platy shape and some opening. 
Others SEM images are presented in Appendix D. 
 
Figure 58. EDS map of stabilized subgrade sample (1500 ×) 
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Figure 59. EDS intensity counts for stabilized subgrade sample (red line: 30×) and 
natural subgrade sample (blue line: 30×) 
 
 
Figure 60. SEM image of natural subgrade sample (5000×) 
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Figure 61. SEM image of natural subgrade (15000×) 
 
 
Figure 62. SEM image of stabilized subgrade sample (5000×) 
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Figure 63.SEM image of stabilized sample (15000×) 
Stiffness and Strength  
CBR values of stabilized and natural subgrade are converted from DPI using Equation (4). 
CBR-DCP profile and cumulative drops versus CBR are shown Figure 64. Average CBR of 
both natural and stabilized subgrade, and effective stabilized subgrade thickness are shown in 
Figure 65. The major observations are: (1) based on the effective treatment thickness, the 
average CBR of the stabilized subgrade was 133%, (2) the average CBR of the natural 
subgrade ranged from 21 to 34, (3) the CBR of the stabilized subgrade was 270-630% greater 
than the natural subgrade, (4) the top and bottom layer of stabilized subgrade has a lower 
CBR than the middle layer, and (5) the actual treatment thickness was thicker than the design 
value. 
Backcalculated subgrade elastic moduli (EFWD) and deflections were presented in Figure 
66. In the backcalculation, the applied test load was 57 KN (12800 lb). The assumptions of 
poison’s ratio were 0.35, 0.40, and 0.40 for ACC surface layer, stabilized subgrade, and 
natural subgrade layer respectively. Stabilized subgrade moduli were calculated based on 
designed or effective stabilized subgrade thickness obtained from DCP profiles. Detailed 
assumptions of seed values and layer thickness are summarized in Appendix E. The 
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temperature of middle depth of ACC pavement is 24 0C (75 0F). Deflections under the 
loading plate (D0) were adjusted to a standard temperature of 20 0C (68 0F) using Equation 
(5). The key findings are: 
• The average D0 was about 0.15 mm under average applied load of 57 KN (12814 
lb). As D0 decreases, backcalculated EFWD of both stabilized and natural subgrade 
increase.  
• The average EFWD was 144 MPa for natural subgrade and increased to 1794 MPa 
for stabilized subgrade. 
• The average EFWD of stabilized subgrade was about 1200% of natural subgrade 
• The values of EFWD of natural and stabilized subgrade varied significantly 
indicating non-uniform subgrade soil properties. 
Figure 67 presents the stress-strain relationship of PLT at test point 8. The values of EV1 
and EV2 were calculated in the first circle and after reloading. The uncorrected modulus of 
soil reaction k′u was calculated using deflection under a load of 69.0 kPa as shown in Figure 
68. The correction of k′u was made using the curve in Figure 8. 
Table 20 provides all LWD elastic modulus (ELWD) at four test points. The average ELWD 
was increased 863% from 19 MPa for natural subgrade to164 MPa for stabilized subgrade. 
ELWD of stabilized subgrade was equal to 0.5 EV1 and 0.3 EV2. Table 21 provides the elastic 
modulus ratio between stabilized and natural subgrade. The mean value, standard deviation, 
and coefficient of variation of in-situ test results were listed in Table 22. All in-situ test 
results are presented in Appendix F. 
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Figure 64. CBR – DCP profile and cumulative drops versus CBR of test points 
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Figure 65. CBR and stabilized subgrade thickness from DCP profile 
 
 
Figure 66. Backcalculated FWD elastic modulus of stabilized and natural subgrade, and 
deflections under the loading plate 
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Figure 67. Stress – strain curves from plate load test at point 8  
 
 
Figure 68. Stress – strain curves for obtaining KU at point 8 
Deflection (mm)
0.0 0.2 0.4 0.6 0.8 1.0
A
pp
lie
d 
S
tre
ss
 (M
P
a)
0.0
0.2
0.4
0.6
0.8
1.0
EV1=317 MPa
EV2=592 MPa
 PT 8
79 
 
Table 20. Summary of LWD test results 
Test 
Point Material Type Depth of Measurement ELWD  Average ELWD 
    MPa MPa 
8 Stabilized Subgrade Top of stabilized subgrade 164 164 
26 Natural Subgrade Top of natural subgrade 20 
15 27 Natural Subgrade Top of natural subgrade 13 
28 Natural Subgrade Top of natural subgrade 13 
 
Table 21. Summary of elastic modulus ratio between stabilized and natural subgrade 
Stab. Subg./Nat. Subg. Ratio 
CBR EFWD ELWD 
4.5 12.3 8.5 
 
Table 22. Summary statistics of test results from in-situ testing 
Statistic Stabilized Subgrade Natural Subgrade 
FWD 
Def 
Measurement CBR EFWD ELWD EV1 EV2 kU Thi. CBR EFWD ELWD D0-Cor. 
  % MPa MPa MPa MPa kPa/mm mm % MPa MPa mm 
Number of  
Measurement 
(n) 
4 25 1 1 1 1 4 4 25 3 25 
Mean Value 
(µ) 
133 1794 164 317 592 202 176 29 144 19 0.17 
Standard  
Deviation (σ) 65 480 — — — — 61 8 18 5 0.03 
Coefficient  
of Variation 
COV (%) 
49 27 — — — — 34 27 12 25 17 
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SH 99, OK 
Site Description 
This project was located on the north bound driving lane of SH 99 near north of Seminole 
in Seminole County, Oklahoma. The general location of this site is shown in Figure 69. This 
road is a four-lane State Highway. The design life of pavement is 20 years, and annual 
average daily traffic was 6800 in 1991 and estimated to be 12000 in 2011. The road was 
constructed in 1999. The length of this test section is approximately 500 m (1640 ft). The 
pavement consisted of a 254 mm (10 in.) thick asphalt concrete (AC), and 152 mm (6 in.) 
aggregate base, and 203 mm (8 in.) subgrade stabilized with fly ash (Figure 70). ISU research 
team conducted in-situ testing between station 5110+00 to 5126+00 on September 29th, 2010 
with assistance and traffic control provided by Oklahoma DOT. 
The plan view of in-situ test locations is shown in Figure 71. The research team 
preformed FWD tests on the surface of ACC pavement at intervals of about 11 m from test 
points 1 to 45. DCP were conducted at test points 1, 43, 44, and 45. After coring, LWD and 
PLT were performed on the top of stabilized subgrade at test point 45. LWD and DCP were 
also performed at control test point 46. Bag samples were collected at test point 45 from the 
top to a depth of 75 mm (3 in.) of subgrade, and natural subgrade samples were collected at 
control test point 46. 
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Figure 69. Project location of SH 99 
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Figure 70. Typical cross section 
 
 
Figure 71. Test section plan layout 
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Figure 72. Site overview  
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Test Results and Analysis 
Material Properties of Base and Subgrade 
The base and stabilized subgrade samples were taken at test point 45. The natural 
subgrade sample was taken at test point 46. According to USCS and AASHTO, the natural 
subgrade was classified as ML and A-4-0, and the stabilized subgrade was classified as SM 
and A-4-0. Table 23 provides material properties of subgrade. The gravel content increased 
from about 3.9% to 6.7%, and the sand content increased from about 48.6% to 58.4%. 
Stabilized subgrade was a non-plastic soil. The moisture content was around 21% for the 
stabilized subgrade and 12% for the natural subgrade. Figure 73 shows particle size 
distribution curves of different subgrade layers. In-situ density and moisture content of some 
test points were recorded during construction shown in Appendix G. 
Table 23. Summary of material properties 
Parameter SH 99 OK 
Material Description  Base 
Stabilized 
Subgrade 
Natural 
Subgrade 
Depth mm (in.) 0-150 (0-6) 0-200 (0-8)  —  
Gravel Content (%) (> 4.75mm)  64.7 6.7 3.9 
Sand Content (%) (4.75mm – 75μm)  29.0 48.6 58.4 
Silt Content (%) (75μm – 2μm)  5.1 35.4 27.2 
Clay Content (%) (< 2μm)  1.2 9.3 10.5 
Coefficient of Uniformity (Cu) 37.9 68.8 84.7 
Coefficient of Curvature (Cc)  2.6 2.0 2.0 
Liquid Limit, LL (%)  16.1 — 22.3 
Plasticity Index, PI 4.5 N.P. 4.9 
AASHTO  A-1-a A-4-0 A-4-0 
USCS  GW-GM SM SM 
Water Content (%) 3.4 20.6 11.7 
 
85 
 
 
Figure 73. Particle size distribution curves for subgrade materials  
pH of Stabilized and Natural Subgrade 
Table 24 shows pH values of natural and stabilized subgrade. The natural subgrade has a 
high pH value of 8.2. The pH value of stabilized subgrade sample is 9.2 
Table 24. Summary of pH value of subgrade 
Depth pH value  
Natural subgrade 8.2 
Stabilized subgrade  9.2 
SEM Analysis 
The energy dispersive spectrometry (EDS) map of stabilized subgrade is shown in Figure 
74. The majority elements were calcium (Ca), silica (Si), alumina (Al), and oxygen (O). 
Additional present elements were iron (Fe), potassium (K) and Sodium (Na). 
Figure 75 compares element concentration in Al, Si, O, S, Mg, Ca, K, and C for natural 
subgrade. The sample shows high concentration in Si, O, and Al. Figure 76 compares 
element concentration for stabilized subgrade. The stabilized subgrade sample shows higher 
concentration of O, Ca, and Al than the natural subgrade sample. All SEM images are 
presented in Figure 77, Figure 78, and Appendix D. 
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Figure 74. EDS map of stabilized subgrade sample (150 ×) 
 
 
Figure 75. EDS intensity counts for natural subgrade sample (red line: 500×; blue line: 
30×) 
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Figure 76. EDS intensity counts for stabilized subgrade sample in area a (blue line: 
500×) and stabilized subgrade sample in area b (red line: 500×) 
 
  
  
Figure 77. SEM images of natural subgrade 
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Figure 78. SEM images of stabilized subgrade in area a and b 
Stiffness and Strength  
CBR values of stabilized and natural subgrade are converted from DPI using Equation (4). 
CBR-DCP profile and cumulative drops versus CBR are shown in Figure 79. Average CBR 
of both natural and stabilized subgrade, and effective stabilized subgrade thickness are shown 
in Figure 80. The major observations: (1) based on the effective treatment thickness, the 
average CBR of the stabilized subgrade was 103%, (2) the average CBR of the natural 
subgrade was 27%, (3) The average CBR of the stabilized subgrade was 380% of the natural 
subgrade, (4) the bottom layer of stabilized subgrade has a lower CBR than the top layer, and 
(5) the actual average treatment thickness was about 220 mm (8.8 in.), which was thicker the 
design value. 
Backcalculated subgrade elastic moduli (EFWD), uncorrected deflections, and corrected 
deflections were presented in Figure 81. In the backcalculation, the average applied test load 
was 57 KN (12876 lb). The assumptions of poison’s ratio were 0.35, 0.35, 0.40, and 0.40 for 
ACC surface layer, aggregate stabilized subgrade, and natural subgrade layer respectively. 
Stabilized subgrade moduli were calculated based on designed or effective stabilized 
subgrade thickness obtained from DCP profiles. Detailed assumptions of seed values and 
layer thickness are summarized in Appendix E. The temperature at the middle depth of ACC 
pavement was 11 0C (52 0F). Deflections under the loading plate (D0) were adjusted to a 
standard temperature of 20 0C (68 0F) using Equation (5). The key findings are: 
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• The average corrected D0 was about 0.21 mm under average applied load. As 
corrected D0 decreases, backcalculated EFWD of both stabilized and natural 
subgrade increase.  
• The average EFWD was 238 MPa for natural subgrade and increased to 369 MPa 
for stabilized subgrade. 
• The average EFWD of stabilized subgrade was about 160% of natural subgrade 
• The values of EFWD of natural and stabilized subgrade varied significantly 
indicating non-uniform subgrade soil properties. 
Figure 82 presents the stress-strain relationship at point 45. The values of EV1 and EV2 
were calculated in the first circle and after reloading. The uncorrected modulus of soil 
reaction k′u was calculated using deflection under a load of 69.0 kPa as shown in Figure 83. 
The correction of k′u was made using the curve in Figure 8.The average LWD elastic 
modulus (ELWD) was 410% greater than natural subgrade. The ELWD of stabilized subgrade 
was equal to 1.7 EV1 and 0.7 EV2. The ELWD of stabilized subgrade was 0.3 EFWD. 
Table 25 lists all LWD test results at points 45 and 46. Table 26 provides the elastic 
modulus ratio between stabilized and natural subgrade. The mean value, standard deviation, 
and coefficient of variation of in-situ test results were listed in Table 27. All in-situ test 
results are presented in Appendix F. 
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Figure 79. CBR – DCP profile of test points  
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Figure 80. CBR and stabilized subgrade thickness from DCP profile 
 
Figure 81. Backcalculated FWD elastic modulus of stabilized and natural subgrade, and 
deflections under the loading plate  
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Figure 82. Stress – strain curves from plate load test at point 45 
 
 
Figure 83. Stress – strain curves for obtaining KU at point 45 
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Table 25. Summary of LWD test results 
Test 
Point Material Type Depth of Measurement ELWD  
Average 
ELWD 
   MPa MPa 
45 Stabilized subgrade Top of Stabilized Subgrade 80 
65 
45 Stabilized subgrade 63 mm from top of stabilized subgrade 50 
46 Natural Subgrade Top of natural subgrade 16 16 
 
Table 26. Summary of elastic modulus ratio between stabilized and natural subgrade 
Stab. Subg./Nat. Subg. Ratio 
CBR EFWD ELWD 
 3.8 1.6  4.1 
 
Table 27. Summary statistics of test results from in-situ testing 
Statistic Stabilized Subgrade Natural Subgrade 
Measurement CBR EFWD ELWD EV1 EV2 kU Thi. CBR EFWD ELWD 
 
% MPa MPa MPa MPa kPa/mm mm % MPa MPa 
Number of 
Measurement 
(n) 
5 45 2 1 1 1 5 5 45 1 
Mean Value 
(µ) 103 369 65 63 149 78 220 27 238 16 
Standard 
Deviation (σ) 60 132 21 — — — 37 17 32 — 
Coefficient of 
Variation 
COV (%) 
58 36 32 — — — 17 63 14 — 
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US 59, OK 
Site Description 
This project was located on the south bound passing lane of US 59 near north of Panama, 
in Le Flore County, Oklahoma. The general location of this site is shown in Figure 84. This 
road is a four-lane U.S. Highway. The design life of pavement is 20 years, equivalent single 
axle loads (ESALS) was 12.26 million, the design speed was 55 mph, and annual average 
daily traffic was 7500 in 1996 and estimated to be 13250 in 2016. The road was constructed 
in 2000. The length of this test section is approximately 500 m (1640 ft) from station 588+40 
to 601+50. The pavement consisted of a 254 mm (10 in.) thick asphalt concrete (AC), and 
254 mm (10 in.) aggregate base, and 203 mm (8 in.) subgrade stabilized with fly ash (Figure 
85). ISU research team conducted in-situ testing on September 30th, 2010 with assistance and 
traffic control provided by Oklahoma DOT. 
The plan view of in-situ test locations is shown in Figure 86. The research team 
preformed FWD tests on the surface of ACC pavement at intervals of about 15 m from test 
points 1 to 31. Five DCP tests were conducted at test points 4 (Sta.600+00), 12  
(Sta. 596+00), 16 (Sta. 594+00), 20 (Sta. 592+00), 24 (Sta. 590+00), and 28 (Sta. 588+40). 
The control points 32, 33, and 34 were selected adjacent to test point 24. After coring, LWD 
and PLT were performed on the top of stabilized subgrade at test point 24. LWD and DCP 
were also performed on control points. Bag samples were collected at test point 24 from the 
top to a depth of 100 mm (4 in.) of subgrade. Natural subgrade samples were also collected at 
test points 31, 32, and 33. 
95 
 
 
Figure 84. Project location of US 59 
 
 
Figure 85. Typical cross section 
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Figure 86. Test section plan layout 
 
 
Figure 87. Site overview  
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Test Results and Analysis 
Material Properties of Base and Subgrade 
The base and stabilized subgrade samples were taken at test point 24. The natural 
subgrade sample was taken at test point 32. According to USCS and AASHTO, the natural 
subgrade was classified as ML and A-4 (0), and the top 100 mm (4 in.) stabilized subgrade 
was classified as SM and A-4 (0). Table 28 provides material properties of base and subgrade 
layer. After treatment, the gravel content increased from about 7.2% to 16.1%, and the sand 
content increased from about 30.5% to 48.2%. The clay content decreased from about 28.2 % 
to 4.2%, and the silt content decreased from about 37.7% to about 31.5%. LL values of 
stabilized subgrade samples were changed to about 33%. PI value was 6 for stabilized 
subgrade and 25 for natural subgrade. Figure 88 shows the soil type of subgrade has been 
modified after treatment. In-situ density and moisture content of some test points were 
recorded during construction shown in Appendix G.  
Table 28. Summary of material properties 
Parameter US 59 OK 
Material Description  Base Stabilized Subgrade 
Natural 
Subgrade 
Depth mm (in.) 0-254 (0-10) 0-200 (0-8)  — 
Gravel Content (%) (> 4.75mm)  49.7 16.1 3.6 
Sand Content (%) (4.75mm – 75μm)  31.1 48.2 30.5 
Silt Content (%) (75μm – 2μm)  15.2 31.5 37.7 
Clay Content (%) (< 2μm)  4.0 4.2 28.2 
Coefficient of Uniformity (Cu) 446.7 110.3 — 
Coefficient of Curvature (Cc)  5.2 0.4 — 
Liquid Limit, LL (%)  24.7 32.7 45.9 
Plasticity Index, PI 9.7 5.6 24.7 
AASHTO  A-1-b A-4 A-4 
USCS  GM SM ML 
Water Content (%) 5.0 17.7 13.2 
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Figure 88. Particle size distribution curves for subgrade materials  
pH of Stabilized and Natural Subgrade 
Table 29 provides pH values of natural and stabilized subgrade. The pH value was 4.8 for 
natural subgrade and 8.9 for stabilized subgrade. 
Table 29. Summary of pH value of subgrade 
Depth pH value  
Natural subgrade 4.8 
Fly ash stabilized subgrade  8.9 
SEM Analysis 
The energy dispersive spectrometry (EDS) map of stabilized subgrade is shown in Figure 
89. The majority elements were calcium (Ca), silica (Si), alumina (Al), and oxygen (O). 
Additional present elements were iron (Fe), potassium (K), and Sodium (Na).  
Figure 90 compares element concentration in Al, Si, O, S, Mg, Ca, K, and C for the 
stabilized subgrade sample in area a and b. The sample shows high concentration of Si, Al, 
and O in both areas a and b, and low concentration of Ca in area a. All SEM images are 
presented in Figure 91 and Appendix D. 
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Figure 89. EDS map of stabilized subgrade sample (1500 ×) 
 
 
Figure 90. EDS intensity counts for stabilized subgrade sample in area a (blue line: 
500×) and stabilized subgrade sample in area b (red line: 500×) 
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Figure 91. SEM of stabilized subgrade 
Stiffness and Strength  
CBR values of stabilized and natural subgrade are converted from DPI using Equation (4). 
DCP profiles and cumulative drops versus CBR are shown in Figure 92. Average CBR of 
both natural and stabilized subgrade, and effective stabilized subgrade thickness are shown in 
Figure 93. The major observations: (1) based on the effective treatment thickness, the 
average CBR of the stabilized subgrade was 139%, (2) the average CBR of the natural 
subgrade was 23%, (3) the CBR of the stabilized subgrade was 640% of the natural subgrade, 
(4) the bottom layer of stabilized subgrade has a lower CBR than the top layer, and (5) from 
DCP profiles, the actual average treatment thickness was about 150 mm (6 in.), which was 
thinner the design value of 200 mm (8 in). 
Backcalculated subgrade elastic moduli (EFWD) and deflections (D0) were presented in 
Figure 94. In the backcalculation, the average applied test load was 57 KN (12906 lb). The 
assumptions of poison’s ratio were 0.35, 0.35, 0.40, and 0.40 for ACC surface layer, 
aggregate base, stabilized subgrade and natural subgrade layer respectively. Stabilized 
subgrade moduli were calculated based on designed or effective stabilized subgrade 
thickness obtained from DCP profiles. Detailed assumptions of seed values and layer 
thickness are summarized in Appendix E. The middle depth of ACC pavement was measured 
as 18 0C (65 0F). Deflections under the loading plate (D0) were adjusted to a standard 
temperature of 20 0C (68 0F) using equation (5). The key findings are: 
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• The average corrected D0 was about 0.20 mm under average applied load of 57 
KN (12906 lb). As corrected D0 decreases, backcalculated EFWD of both stabilized 
and natural subgrade increase.  
• The average EFWD was 383 MPa for natural subgrade and increased to 819 MPa 
for stabilized subgrade. 
• The average EFWD of stabilized subgrade was about 230% of the natural subgrade. 
• The values of EFWD of stabilized and natural subgrade varied significantly 
indicating non-uniform subgrade soil properties. 
Figure 95 presents the stress-strain relationship at point 24. The values of EV1 and EV2 
were calculated in the first circle and after reloading. The uncorrected modulus of soil 
reaction k′u was calculated using deflection under a load of 69.0 kPa as shown in Figure 96. 
The correction of k′u was made using the curve in Figure 8. The LWD elastic modulus (ELWD) 
of stabilized subgrade was equal to 0.6 EV1 and 0.4 EV2. The ELWD of stabilized subgrade was 
0.1EFWD. Table 31 provides the elastic modulus ratio between stabilized and natural subgrade. 
The mean value, standard deviation, and coefficient of variation of in-situ test results were 
listed in Table 32. All in-situ test results are presented in Appendix F.  
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Figure 92. CBR – DCP profile and cumulative drops versus CBR of test points 
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Figure 93. CBR and stabilized subgrade thickness from CBR-DCP profile  
 
 
Figure 94. Backcalculated FWD elastic modulus of stabilized and natural subgrade, and 
deflections under the loading plate  
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Figure 95. Stress – strain curves from plate load test at point 24 
 
 
Figure 96. Stress – strain curves for obtaining KU at point 24 
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Table 30. Summary of LWD test results 
Test 
Point Material Type Depth of Measurement ELWD  
Average 
ELWD 
   MPa MPa 
 24 Base Top of base 126 126 
24 Stabilized Subgrade Top of stabilized subgrade 105 105 
32 Natural Subgrade Top of natural subgrade 26 
20 33 Natural Subgrade Top of natural subgrade 13 
34 Natural Subgrade Top of natural subgrade 20 
 
Table 31. Summary of elastic modulus ratio between stabilized and natural subgrade 
Stab. Subg./Nat. Subg. Ratio 
CBR EFWD ELWD 
6.4 2.3 5.3 
 
Table 32. Summary statistics of test results from in-situ testing 
Statistic Base Stabilized Subgrade Natural Subgrade 
Meas. ELWD CBR EFWD ELWD EV1 EV2 kU Thi. CBR  EFWD ELWD 
  MPa % MPa MPa MPa MPa kPa/mm mm % MPa MPa 
Number of 
Meas. (n) 1 6 31 1 1 1 1 6 6 31 3 
Mean Value 
(µ) 
126 139 819 105 177 261 164 150 23 383 20 
Standard 
Deviation 
(σ) 
— 36 316 — — — — 57 — 110 8 
Coefficient 
of Variation 
COV (%) 
— 26 39 — — — — 38 — 29 33 
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US 75 SB, KS 
Site Description 
This project was located on the south bound of US 75 near south of Lyndon, in Osage 
County, Kansas. The general location of this site is shown in Figure 97. This road is a two-
lane U.S. Highway, and was constructed in 1995. The length of this test section is 
approximately 700 m (2297 ft).The designed pavement consisted of a 330 mm (13 in.) thick 
asphalt concrete (AC), 50 mm (2 in.) thick base, and 100 mm (4 in.) lime stabilized subgrade. 
The subgrade was stabilized with 5% lime. ISU research team conducted in-situ testing near 
the milepost 123 on November 2, 2010 with assistance and traffic control provided by 
Kansas DOT. 
The plan view of in-situ test locations is shown in Figure 98. The research team 
preformed FWD tests on the surface of ACC pavement at intervals of about 10 m from points 
1 to 30 and 20 m from points 31 to 50. DCP were conducted at test points 4, 11, 20, 28, 34, 
and 45. After coring, LWD was performed at different depths of stabilized subgrade, and 
PLT were performed on the top of stabilized subgrade at test point 18. Bag samples of 
subgrade were collected at test point 18 from the top to a depth of 250 mm (10 in.) subgrade 
at intervals about 50 mm (2 in.). Undisturbed Shelby tube samples were collected at test 
point 18 from the top of subgrade to a depth of 990 mm (39 in.) subgrade. Bag and Shelby 
tube samples were carefully sealed and transported to ISU laboratory. 
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Figure 97. Project location of US 75 SB  
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Figure 98. Test section plan layout 
 
 
Figure 99. Site overview  
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Test Results and Analysis 
Material Properties of Base and Subgrade 
The stabilized subgrade samples were taken at test point 18 from the top to a depth of 250 
mm (10 in.) subgrade at intervals of about 50 mm (2 in.). The natural subgrade sample was 
collected from Shelby tube at test point 18. According to USCS and AASHTO, the natural 
subgrade was classified as ML and A-4, and the top 50 mm (2 in.) stabilized subgrade was 
classified as SM and A-2. The bottom 50-100 mm (2-4 in.) stabilized subgrade soil was 
classified as ML and A-4 as same as the soil type of natural subgrade. Table 33 provides 
material properties of subgrade, and it is shown that gravel, sand, silt, and clay content were 
largely different between natural subgrade and the top 50 mm (2 in.) stabilized subgrade. The 
average LL values of natural and stabilized subgrade samples were approximately equal. The 
average PI values of the top 50 mm (2 in.) stabilized subgrade samples were about 19 smaller 
than natural subgrade. PI values of the bottom 50 mm (2 in.) stabilized subgrade samples 
were about 5 smaller than natural subgrade. Figure 100 shows particle size distribution 
curves of different subgrade layers. Test results show the soil type of subgrade has been 
modified after treatment. 
Table 33. Summary of material properties 
Parameter US 75 SB KS 
Material Description 
Natural 
Sub. Base 
Stab. 
Sub. 
Stab. 
Sub. Sub. Sub. 
Depth mm (in.) 
838-990 
(33-39) 
0-50 
(0-2) 
0-50 
(0-2) 
50-100 
(2-4) 
100-150 
(4-6) 
150-250 
(6-10) 
Gravel (%) (> 4.75mm) 0.4 48.3 22.5 11.4 1.0 0.4 
Sand (%) (4.75mm – 75μm) 2.9 40.2 51.9 25.2 7.6 4.7 
Silt (%) (75μm – 2μm) 30.3 8.9 19.9 36.7 51.1 55.6 
Clay (%) (< 2μm) 66.4 2.6 5.7 26.7 40.3 39.3 
Cu — 149.3 481.8 — — — 
Cc — 15.0 6.6 — — — 
Liquid Limit, LL (%) 56.1 56.5 54.0 55.6 57.5 56.1 
Plasticity Index, PI 33.1 13.9 14.0 28.3 34.8 33.0 
AASHTO A-4 A-1-a A-2 A-4 A-4 A-4 
USCS ML 
GP-
GM SM ML ML ML 
Water Content (%) 23.8 32.4 29.9 25.1 25.2 25.5 
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Figure 100. Particle size distribution curves for subgrade materials  
pH of Stabilized and Natural Subgrade 
Figure 101 shows the pH profile of subgrade at test point 8. The pH values of stabilized 
subgrade ranged from about 7.7 to 8.8. It gradually decreased from the top of stabilized 
subgrade to the bottom of stabilized subgrade. Below the stabilized subgrade, the pH values 
of subgrade keep constantly to a depth of 400 mm. Then the pH value starts to decrease from 
the value of 7.5 to 6.5 to a depth of 1000 mm. The pH values of stabilized subgrade ranged 
from about 6.5 to 8.0. 
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Figure 101. pH profile of subgrade  
SEM Analysis 
The energy dispersive spectrometry (EDS) map of natural subgrade is shown in Figure 
102 and Figure 103. The majority elements were silica (Si), alumina (Al), and oxygen (O). 
Additional present elements were iron (Fe), potassium (Mg), and Sodium (Na).  
The energy dispersive spectrometry (EDS) map of stabilized subgrade is shown in Figure 
103. The majority elements were calcium (Ca), Si, Al, phosphorus (P), and O. The mineral 
Ca enriched only in a small area. Additional present elements were Fe, potassium (K) and Na. 
Figure 104, Figure 105, and Figure 106 compare element concentration in Al, Si, O, S, 
Mg, Ca, K, P, and C for natural and stabilized subgrade samples. The natural subgrade 
sample shows less concentration of Ca and P, and higher concentration of Si, Al, and O. The 
stabilized subgrade sample at 30 × and 150 × magnifications shows much less concentration 
of Ca and P than that sample at 1500 × magnification. All SEM images are presented in 
Figure 107, Figure 108, and Appendix D. 
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Figure 102. EDS map of natural subgrade sample (500 ×) 
 
 
Figure 103. EDS map of stabilized subgrade sample (500 ×) 
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Figure 104. EDS intensity counts for natural subgrade sample (red line: 30×; blue line: 
150×) 
 
 
Figure 105. EDS intensity counts for stabilized subgrade sample (red line: 30×;  
blue line: 150×) 
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Figure 106. EDS intensity counts for stabilized subgrade sample in area a (red line: 
1500×) and in area b (blue line: 1500×) 
 
  
  
Figure 107. SEM images of natural subgrade 
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Figure 108. SEM images of stabilized subgrade 
Stiffness and Strength  
CBR values of stabilized and natural subgrade are converted from DPI using Equation (4). 
DCP profiles and cumulative drops versus CBR are shown in Figure 109. Average CBR of 
both natural and stabilized subgrade, and effective stabilized subgrade thickness are shown in 
Figure 110. The major observations are: (1) based on the effective treatment thickness, the 
average CBR of the stabilized subgrade was 30%, (2) the average CBR of the natural 
subgrade was 11%, (3) the average CBR of the stabilized subgrade was 270% of the natural 
subgrade, (4) the subgrade has not shown significantly strength improvement within the 
design thickness at test point 11, (5) the subgrade has shown slightly strength improvement at 
test points 20, 28, and 45, and (6) the effective treatment thickness was thinner than the 
design value.  
Backcalculated subgrade elastic moduli (EFWD) and surface deflections were presented in 
Figure 111. In the backcalculation, the applied test load was 57.9 KN (13020 lb). The 
assumptions of poison’s ratio were 0.35, 0.35, 0.40, and 0.40 for ACC surface layer, 
aggregate base, stabilized subgrade and natural subgrade layer respectively. Stabilized 
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subgrade moduli were calculated based on designed or effective stabilized subgrade 
thickness obtained from DCP profiles. Detailed assumptions of seed values and layer 
thickness are summarized in Appendix E. Deflections under the loading plate were adjusted 
to a standard temperature of 20 0C (68 0F) using Equation (5). The temperature of middle 
depth of ACC pavement was measured as 9.8 0C (49.7 0F) prior to FWD testing. The key 
findings are: 
• The average D0 and D0-cor were about 0.13 mm and 0.19 mm under average 
applied load. As D0 and D0-cor decrease, backcalculated EFWD for both stabilized 
and natural subgrade increase.  
• The average EFWD was 323 MPa for natural subgrade and increased to 711 MPa 
for stabilized subgrade. 
• The average EFWD of stabilized subgrade was about 220% of natural subgrade. 
• The values of EFWD of natural and stabilized subgrade varied significantly 
indicating non-uniform subgrade soil properties. 
Figure 112 presents the stress-strain relationship at point 18. The values of EV1 and EV2 
were calculated in the first circle and after reloading. The uncorrected modulus of soil 
reaction k′u was calculated using deflection under a load of 69.0 kPa as shown in Figure 113. 
The correction of k′u was made using the curve in Figure 8. The average ELWD was 37 MPa 
for stabilized subgrade. The average ELWD of stabilized subgrade was equal to 2.5 EV1 and 5.3 
EV2. The undrained shear strength (su) of the top subgrade (1-7 in.) has not showed strength 
improvement after treatment compared with underlying subgrade. 
Table 34 lists all LWD test results. Table 35 provides the elastic modulus ratio between 
stabilized and natural subgrade. The mean value, standard deviation, and coefficient of 
variation of in-situ test results were listed in Table 36. All in-situ test results are presented in 
Appendix F. 
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Figure 109. CBR – DCP profile of test points 
 
 
Figure 110. CBR of subgrade and stabilized subgrade thickness from DCP profile 
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Figure 111. Backcalculated FWD elastic modulus of stabilized and natural subgrade, 
and deflections under the loading plate 
 
Figure 112. Corrected stress – strain curves from plate load test at point 18  
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Figure 113. Stress – strain curves for obtaining KU at point 18 
 
Figure 114. Unconsolidated – Undrained test of subgrade 
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Table 34. Summary of LWD test results 
Test 
Point Material Type Depth of Measurement ELWD  
Average 
ELWD 
   MPa MPa 
18 Stabilized subgrade Top of stabilized subgrade 37 
31 
18 Stabilized subgrade 50 mm from top of stabilized subgrade 24 
 
Table 35. Summary of elastic modulus ratio between stabilized and natural subgrade 
Stab. Subg./Nat. Subg. Ratio 
CBR EFWD 
2.7 2.2 
 
Table 36. Summary statistics of test results from in-situ testing 
Statistic Stabilized Subgrade 
Natural 
Subgrade 
FWD 
Def 
Measurement CBR EFWD ELWD EV1 EV2 kU Thi. CBR EFWD D0-Cor. 
  % MPa MPa MPa MPa kPa/mm mm % MPa mm 
Number of 
Measurement(n) 
7 50 2 1 1 1 6 7 50 50 
Mean Value (µ) 30 711 31 7 15 31 111 11 323 0.19 
Standard 
Deviation (σ) 28 304 18 — — — 19 8 68 0.03 
Coefficient of  
Variation COV 
(%) 
93 43 48 — — — 17 73 21 16 
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US 75 NB, KS 
Site Description 
This project was located on the south bound of US 75 NB near north of Hoyt, in Jackson 
County, Kansa. The general location of this site is shown in Figure 115. This road is a four-
lane U.S. Highway. The road was constructed in 1995. The pavement consists of a 229 mm 
(9 in.) thick Portland cement concrete (PCC), 102 mm (4 in.) cement stabilized aggregate 
base, and 152 mm (6 in.) lime stabilized subgrade. The length of this test section is 
approximately 220 m (721 ft). ISU research team conducted in-situ testing near milepost 176 
on November 3, 2010 with assistance and traffic control provided by Kansas DOT. 
The plan view of in-situ test locations is shown in Figure 116. The research team 
preformed FWD tests on the surface of PCC pavement at center and joint of each slab. DCP 
were conducted at test points 3, 11, 31, 43, 49, and 51. After coring, LWD and PLT were 
performed on the top of stabilized subgrade at test point 25. Bag samples of subgrade were 
collected at test point 25. Natural subgrade samples were also collected at test point 51. 
Undisturbed Shelby tube samples were collected at test point 25 from the top to a depth of 
330 mm (13 in.) subgrade.  
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Figure 115. Project location of US 75 NB 
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Figure 116. Test section plan layout 
 
 
Figure 117. Site overview  
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Test Results and Analysis 
Material Properties of Subgrade 
The stabilized subgrade samples were taken at test point 25 from the top of subgrade to a 
depth of 150 mm (6 in.) at intervals of 50 mm (2 in.). The natural subgrade sample was 
collected at test point 51. According to USCS and AASHTO, the natural subgrade was 
classified as ML and A-4; the stabilized subgrade was classified as SM and A-2-4 for the top 
50 mm (2 in.) and A-2 for the depth from 50 mm to150 mm (2-6 in.). Table 37 provides 
material properties of subgrade. The average gravel content increased from about 2.6% for 
natural subgrade to 6.8% for stabilized subgrade, while the average sand content increased 
from about 28.5% to 58.6%. The average clay content decreased from about 32.6% to 6.2%, 
while the average silt content decreased from about 36.3% to about 28.4%. The average LL 
value was 45% stabilized subgrade and 52% for natural subgrade. The average PI value was 
7.8 for stabilized subgrade and 34.3 for natural subgrade. The average moisture content was 
around 28.1% for the stabilized subgrade and 18.7% for the natural subgrade. Figure 118 
shows particle size distribution curves of different subgrade layers. Test results show the soil 
type of subgrade has been modified after treatment. 
Table 37. Summary of material properties 
Parameter US 75 NB KS 
Material Description Natural Sub. Base 
Stab. 
Sub. 
Stab. 
Sub. Stab. Sub. 
Depth mm (in.) — 0-100 (0-4) 
0-50 
(0-2) 
50-100 
(2-4) 
100-150 
(4-6) 
Gravel (%) (> 4.75mm) 2.6 60.4 8.5 4.9 7.1 
Sand (%) (4.75mm – 75μm) 28.5 33.3 64.3 56.5 54.9 
Silt (%) (75μm – 2μm) 36.3 5.1 19.5 33.4 32.3 
Clay (%) (< 2μm) 32.6 1.2 7.7 5.2 5.7 
 Cu — 20.4 165.3 65.3 67.8 
 Cc — 3.0 6.4 0.6 0.5 
Liquid Limit, LL (%) 52.0 36.5 44.0 45.3 45.8 
Plasticity Index, PI 34.3 3.4 5.9 8.9 8.6 
AASHTO A-4 A-1-a A-2-4 A-4 A-4 
USCS ML GW-GM SM SM SM 
Water Content (%) 18.7 10.4 27.0 29.0 28.3 
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Figure 118. Particle size distribution curves for subgrade materials  
pH of Stabilized and Natural Subgrade 
Figure 119 shows the pH profile of subgrade at test point 25. The pH values of stabilized 
subgrade ranged from 8.7 to 9.4. It gradually decreased from the top of stabilized subgrade to 
the bottom of stabilized subgrade. The pH values of natural subgrade ranged from 7.9 to 8.1. 
It keeps constantly up a depth of 330 mm subgrade.  
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Figure 119. pH profile of subgrade  
SEM Analysis 
The energy dispersive spectrometry (EDS) map of natural subgrade is shown in Figure 
120. The majority elements were silica (Si), alumina (Al), and oxygen (O). Additional 
present elements were potassium (K) and magnesium (Mg). 
The energy dispersive spectrometry (EDS) map of stabilized subgrade is shown in Figure 
121. The majority elements were Si, Al, K, and O. The mineral calcium (Ca) was rarely 
presented. Additional present elements were iron (Fe), and Mg. 
Figure 122 and Figure 123 compare element concentration in Al, Si, O, S, Mg, Ca, K, 
and C for stabilized and natural subgrade. The stabilized subgrade sample shows higher 
concentration of Ca and Fe than natural subgrade. All SEM images are presented in Figure 
124, Figure 125, and Appendix D. 
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Figure 120. EDS map of natural subgrade sample (500 ×) 
 
 
Figure 121. EDS map of stabilized subgrade sample (250 ×) 
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Figure 122. EDS intensity counts for stabilized subgrade sample (red line: 30×) and 
natural subgrade sample (blue line: 30×) 
 
 
Figure 123. EDS intensity counts for stabilized subgrade sample (red line: 150×) and 
natural subgrade sample (blue line: 150×) 
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Figure 124. SEM images of natural subgrade 
  
  
Figure 125. SEM images of stabilized subgrade  
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Stiffness and Strength  
CBR values of stabilized and natural subgrade are converted from DPI using Equation  
(4). DCP profiles and cumulative drops versus CBR are shown in Figure 126. The average 
CBR of both natural and stabilized subgrade, and effective stabilized subgrade thickness are 
shown in Figure 127. The major observations are: (1) based on the effective treatment 
thickness, the average CBR of the stabilized subgrade was 20%, (2) the average CBR of the 
natural subgrade was 7%, (3) the average CBR of the stabilized subgrade was 290% of the 
natural subgrade, and (4) the actual average treatment thickness was about 128 mm (5 in.). 
ERIDA assumes a two layers system for PCC pavement to calculate composite subgrade 
moduli (Esg) and PCC pavement (EPCC). Figure 128 shows subgrade moduli (Esg) and 
deflection.  
Figure 129 presents the stress-strain relationship at point 25. The values of EV1 and EV2 
were calculated in the first circle and after reloading. The uncorrected modulus of soil 
reaction k′u was calculated using deflection under a load of 69.0 kPa as shown in Figure 130. 
The correction of k′u was made using the curve in Figure 8. The average LWD elastic 
modulus (ELWD) was 25 MPa for stabilized subgrade and 15 MPa for natural subgrade. The 
average ELWD of stabilized subgrade was equal to 0.3 EV1 and 0.2 EV2.  
Table 38 lists all LWD test results. Table 39 provides the elastic modulus ratio between 
stabilized and natural subgrade. The mean value, standard deviation, and coefficient of 
variation of in-situ test results were listed in Table 40. All in-situ test results are presented in 
Appendix F. 
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Figure 126. CBR – DCP profile and cumulative drops versus CBR of test points 
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Figure 127. CBR and stabilized subgrade thickness from DCP profile 
 
Figure 128.Backcalculated FWD elastic modulus of stabilized and natural subgrade, 
and deflections under the loading plate 
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Figure 129. Stress – strain curves from plate load test at point 25 
 
Figure 130. Stress – strain curves for obtaining KU at point 25 
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Table 38. Summary of LWD test results 
Test 
Point Material Type Depth of Measurement ELWD  
Average 
ELWD 
   MPa MPa 
25 Base Top of base 81 81 
25 Stabilized subgrade Top of stabilized subgrade 91 91 
51 Natural Subgrade Top of natural subgrade 15 15 
 
Table 39. Summary of elastic modulus ratio between stabilized and natural subgrade 
Stab. Subg./Nat. Subg. Ratio 
CBR ELWD 
2.9 6.1 
 
Table 40. Summary statistics of test results from in-situ testing 
Statistic Base Stabilized Subgrade 
Natural 
Subgrade 
FWD 
Def. 
Measurement ELWD CBR ELWD kU EV1 EV2 Thi. CBR ELWD D0 
  MPa % MPa kPa/mm MPa MPa mm % MPa mm 
Number of  
Measurement 
(n) 
1 5 1 1 1 1 5 6 1 50 
Mean Value 
(µ) 81 20 91 103 81 119 128 7 15 0.15 
Standard 
Deviation (σ) — 6 — — — — 16 2 — 0.03 
Coefficient of  
Variation COV 
(%) 
— 30 — — — — 13 29 — 20 
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K 7, KS 
Site Description 
This project was located on the north bound of K 7 near south of Doniphan, in Doniphan 
County, Kansas. The general location is shown in Figure 131. This road is a two-lane State 
Highway. The road was constructed in 2005. The length of this test section is approximately 
515 m (1690 ft). The design pavement consists of a 229 mm (9 in.) thick asphalt concrete 
(AC) and 300 mm (12 in.) fly ash stabilized subgrade. No base layer was presented in 
between subgrade and ACC pavement. The subgrade was stabilized with 14-18% fly ash. 
ISU research team conducted in-situ testing near milepost 223 on November 4, 2010 with 
assistance and traffic control provided by Kansas DOT. 
The plan view of in-situ test locations is shown in Figure 132. The research team 
preformed FWD tests on the surface of ACC pavement at intervals of about 10-20 m from 
test points 1 to 31. DCP were conducted at test points 1, 3, 16, 29, 32, and 33. After coring, 
LWD and PLT were performed on the top of stabilized subgrade at test point 11. Bag 
samples were collected at test point 32 for natural soil and at test point 11 for subgrade. 
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Figure 131. Project location of K 7 NB 
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Figure 132. Test section plan layout 
 
 
Figure 133. Site overview  
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Test Results and Analysis 
Material Properties of Subgrade 
The stabilized subgrade samples were taken at test point 11 from the top of subgrade to a 
depth of 300 mm (12 in.) at intervals of 50 mm (2 in.). The natural subgrade was collected at 
test point 32. According to USCS and AASHTO, the natural subgrade was classified as ML 
and A-4, and the stabilized subgrade was classified as SM and A-2-4, except A-1-b for 
stabilized subgrade from a depth of 51 mm to 102 mm. Table 41 provides material properties 
of subgrade. The average gravel content increased from about 1.1% for natural subgrade to 
26.2% for stabilized subgrade, while the average sand content increased from about 4.6% to 
41.7%. The average clay content decreased from about 20.2% for natural subgrade to 2.4% 
for stabilized subgrade, while the silt content decreased from about 74.1% to about 23.3%. 
The average LL value decreased from 38.4 for natural subgrade to 22.8 for stabilized 
subgrade, while the average PI value decreased from 18.3 to 5.1. Figure 134 shows particle 
size distribution curves of subgrade. Test results show the soil type of subgrade has been 
modified after treatment.  
Table 41. Summary of material properties 
Parameter K 7 KS 
Material Description 
Natural 
Sub. 
Stab. 
Sub. 
Stab. 
Sub. 
Stab. 
Sub.  
Stab. 
Sub. 
Stab. 
Sub.  
Depth mm (in.) — 
0-51 
(0-2) 
51-102 
(2-4) 
101-151 
(4-6) 
151-203 
(6-8) 
203-254 
(8-10) 
Gravel (%) (> 4.75mm) 1.1 26.2 37.4 34.0 23.1 25.8 
Sand (%) (4.75mm–75μm) 4.6 46.6 39.8 38.8 49.6 46.0 
Silt (%) (75μm–2μm) 74.1 25.2 19.9 24.8 24.9 26.0 
Clay (%) (< 2μm) 20.2 2.0 2.9 2.4 2.4 2.2 
Cu — 421.1 574.7 541.6 361.0 425.5 
Cc — 1.3 3.6 1.0 1.3 2.0 
Liquid Limit, LL (%) 38.4 23.0 23.2 22.1 22.3 22.1 
Plasticity Index, PI 18.3 5.2 5.6 4.4 5.6 4.5 
AASHTO A-4 A-2-4 A-1-b A-2-4 A-2-4 A-2-4 
USCS ML SM SM SM SM SM 
Water Content (%) 17.2 9.7 6.7 8.6 8.8 7.9 
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Figure 134. Particle size distribution curves for subgrade  
pH of Stabilized and Natural Subgrade  
Figure 135 shows the pH profile of subgrade at test point 11. The pH profile of stabilized 
subgrade increased gradually from the top to a depth of 300 mm subgrade. The pH of 
stabilized subgrade ranged from 7.8 to 8.3. The natural subgrade from the bag sample has a 
pH value of 7.4.  
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Figure 135. pH profile of subgrade  
SEM Analysis 
The energy dispersive spectrometry (EDS) map of natural subgrade is shown in Figure 
136. The majority elements were silica (Si), alumina (Al), and oxygen (O). Additional 
present elements were potassium (K), iron (Fe), and calcium (Ca). 
The energy dispersive spectrometry (EDS) map of stabilized subgrade is shown in Figure 
137. The majority elements were Ca, Si, Al, and O. The mineral Ca has much higher 
concentration than Al, O, and Si. Additional present elements were Fe, K, and magnesium 
(Mg). 
Figure 138 compares element concentration in Al, Si, O, S, Mg, Ca, K, and C for 
stabilized and natural subgrade. The stabilized subgrade sample shows higher concentration 
of Ca and C, less concentration of O, Al, and Si than the natural subgrade sample. All SEM 
images are presented in Figure 139, Figure 140, and Appendix D. 
141 
 
 
Figure 136. EDS map of natural subgrade sample (1000 ×) 
 
 
Figure 137. EDS map of stabilized subgrade sample (1000 ×) 
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Figure 138. EDS intensity counts for stabilized subgrade sample (red line: 30×) and 
natural subgrade sample (blue line: 30×) 
 
  
  
Figure 139. SEM images of natural subgrade 
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Figure 140. SEM images of stabilized subgrade 
Stiffness and Strength  
CBR values of stabilized and natural subgrade are converted from DPI using Equation (4). 
DCP profiles and cumulative drops versus CBR are shown in Figure 141. The average CBR 
of both natural and stabilized subgrade, and effective stabilized subgrade thickness are shown 
in Figure 142. The major observations are: (1) based on the effective treatment thickness, the 
average CBR of the stabilized subgrade was 72%, (2) the average CBR of the natural 
subgrade was 16%, (3) the average CBR of the stabilized subgrade was 450% of the natural 
subgrade, (4) the top and bottom layer of stabilized subgrade has a lower CBR than the 
middle layer, and (5) at test point 3, it is shown stiffness improvement was existed up to a 
depth of 800 mm (32 in.). 
Backcalculated subgrade elastic moduli and deflections were presented in Figure 143. In 
the backcalculation, the applied test load was 57.5 KN (12928 lb). The assumptions of 
poison’s ratio were 0.35, 0.40, and 0.40 for ACC surface layer, stabilized subgrade and 
natural subgrade layer respectively. Stabilized subgrade moduli were calculated based on 
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designed or effective stabilized subgrade thickness obtained from DCP profiles. Detailed 
assumptions of seed values and layer thickness are summarized in Appendix E. Deflections 
under the loading plate (D0) were adjusted to a standard temperature of 20 0C (68 0F) using 
Equation (5). The temperature of middle depth of ACC pavement was measured as 9.8 0C 
(49.3 0F) prior to FWD testing. The key findings are: 
• The average uncorrected deflection was about 0.22 mm, and corrected deflection 
was about 0.34 under average applied load. As deflection decreases, 
backcalculated EFWD of both stabilized and natural subgrade increase.  
• The average EFWD was 138 MPa for natural subgrade and increased to 503 MPa 
for stabilized subgrade. 
• The average EFWD of stabilized subgrade was about 370% of natural subgrade 
• The values of EFWD of subgrade varied significantly indicating non-uniform 
subgrade soil properties. 
Figure 144 presents the stress-strain relationships at test point 11. The value of EV1 and 
EV2 were calculated in the first circle and after reloading. The uncorrected modulus of soil 
reaction k′u was calculated using deflection under a load of 69.0 kPa as shown in Figure 145. 
The correction of k′u was made using the curve in Figure 8. The average ELWD was increased 
660% from 18 MPa for natural subgrade to 118 MPa for stabilized subgrade. The average 
ELWD of stabilized subgrade was equal to 0.9 EV1 and 0.4 EV2.  
Table 42 lists all LWD test results. Table 43 provides the elastic modulus ratio between 
stabilized and natural subgrade. The mean value, standard deviation, and coefficient of 
variation of in-situ test results listed in Table 44. All in-situ results are presented in Appendix 
F. 
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Figure 141. CBR – DCP profile and cumulative drops versus CBR of test points 
 
 
Figure 142. CBR and stabilized subgrade thickness from DCP profile 
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Figure 143. Backcalculated FWD elastic modulus of stabilized and natural subgrade, 
and deflections under the loading plate 
 
 
Figure 144. Stress – strain curves from plate load test at point 11 
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Figure 145. Stress – strain curves for obtaining KU at point 11 
 
Table 42. Summary of LWD test results 
Test 
Point Material Type Depth of Measurement ELWD  
Average 
ELWD 
   MPa MPa 
11 Stabilized Subgrade Top of stabilized subgrade 89 89 
32 Natural Subgrade Top of natural subgrade 12 
11 
33 Natural Subgrade Top of natural subgrade 10 
 
Table 43. Summary of elastic modulus ratio between stabilized and natural subgrade 
Stab. Subg./Nat. Subg. Ratio 
CBR EFWD ELWD 
5.3 3.7 10.8 
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Table 44. Summary statistics of test results from in-situ testing 
Statistic Stabilized Subgrade Natural Subgrade 
FWD 
Def 
Meas. CBR EFWD ELWD EV1 EV2 kU Thi. CBR EFWD ELWD D0-Cor. 
 % MPa MPa MPa MPa kPa/mm mm % MPa MPa mm 
Number of 
Meas. (n) 5 31 1 1 1 1 5 6 31 2 31 
Mean 
Value (µ) 72 503 89 137 294 125 302 16 138 11 0.34 
Standard 
Deviation 
(σ) 
22 94 — — — — 122 4 13 2 0.03 
Coeff. of 
Variation 
COV (%) 
30  19 — — — — 40 27  10 13 10 
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SUMMARY  
This chapter presented the test site information, laboratory, and in-situ test results. They 
are summarized and shown in Table 45. The background of test site includes site location, 
subgrade type, and ages of stabilized subgrade. Material properties of subgrade include soil 
type, fine contents, and plastic index. Based on in-situ testing results, design thickness and 
actual stabilization subgrade thickness were compared; average EV1, EFWD, ELWD, CBR of 
subgrade are listed; modulus ratios are determined between stabilized and natural subgrade. 
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Table 45. Summary of laboratory and in-situ test results for all test sites 
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CHAPTER 5 SUMMARY AND CONCLUSIONS 
Nine test sites were selected to access the long-term performance of lime or fly ash 
stabilized subgrades. Ages of these stabilized subgrades ranged from 5 to 28 years. In-situ 
tests were conducted on eight ACC pavements and one PCC pavement. FWD moduli were 
backcalculated using the ERI data analysis program. Test results from the nine site studies 
led the following conclusions are made:  
• Fine contents of subgrades were reduced by 30-68% after treatment. At the 
majority of test sites, the types of natural subgrades were modified from ML to 
SM after treatment. Stabilized subgrades at three sites were non-plastic soils. PI 
values of natural subgrades were reduced by 4-24% after treatment.  
• Four elements, Ca, Al, Si, and O commonly present in stabilized subgrades. 
Based on SEM analysis of natural and stabilized subgrade at the US 183 site, the 
new cementing compounds formed and existed in stabilized subgrade. Those 
cementing compounds resulted from pozzolanic reactions that increase soil 
strength. 
• The average elastic modulus ratio determined from LWD for stabilized subgrade 
varied from 31 to 180 MPa, and the average elastic modulus ratio for natural 
subgrade varied from 11 to 20 MPa. LWD modulus ratios between stabilized and 
natural subgrade ranged from 4.1 to 10.8. 
• CBR ratios between stabilized and natural subgrade ranged from 2.2 to 7.4. CBR 
ranges from 20 to 163. The LWD and FWD modulus are 0.7 to 8.3 times the PLT 
modulus. The value of elastic modulus is dependent on varied testing methods. 
• The effective stabilized thickness was 26% varied from the designed stabilized 
subgrade thickness.  
• The average PLT elastic modulus has a range from 7 to 317 MPa for nine test 
sites. The MEPDG recommended that the typical elastic modulus of lime 
stabilized soil ranges from 240 to 413 MPa. Most of test sites had modulus out of 
this range. Additionally, a deteriorated modulus for lime stabilized soil is less than 
103 MPa. Two lime stabilized subgrades showed modulus values are less than 
103 MPa. 
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CHAPTER 6 RECOMMENDATIONS 
The following recommendations should guide future research to establish good case 
studies of long-term performance of chemical stabilized subgrades. 
• Conduct life cycle cost analysis for using stabilized subgrade in structural 
pavement design 
• Backcalculate the subbase layer coefficient to determine the structural benefit 
provided by those stabilized subgrades. In the backcalculation, treat the stabilized 
subgrade as the subbase layer.  
• Conduct resilient modulus tests on undisturbed stabilized subgrade samples and 
compare these resilient modulus values with backcalculated FWD modulus  
values. 
• Conduct x-ray diffraction (XRD) and x-ray fluorescence (XRF) tests to 
quantitatively analyze chemical reaction byproducts in stabilized subgrades. 
• Compare other stabilization technologies (e.g., mechanical stabilization using 
geosynthetics, fiber reinforcement) with chemical stabilization of subgrade 
• Document the long-term performance of stabilized subgrade with cement or 
combined stabilizers  
In the field, it is important to follow QC/QA programs that improves construction quality 
to uniformly mix and compact chemical stabilized subgrade. 
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APPENDIX A: TASK 9 COMPREHENSIVE TECHNOLOGY SUMMARY 
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APPENDIX B: TASK 10 ASSESSMENT OF DESIGN METHODS AND QC/QA 
PROCEDURE 
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APPENDIX C: TASK 12 ASSESSMENT OF EXISTING SPECIFICATION 
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APPENDIX D: SEM IMAGES OF SUBGRADES NOT SHOWN IN CHAPTER 4 
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Figure 146. SEM image of stabilized subgrade in area b (1500 ×) – SH 121  
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Figure 147. SEM image of stabilized subgrade (1500 ×) – FM 1709  
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Figure 148. SEM image of stabilized subgrade in area b (1000 ×) – US 287 
 
 
Figure 149. SEM image of stabilized subgrade (1000 ×) – US 287 
283 
 
 
Figure 150. SEM image of stabilized subgrade (1500 ×) – US 287  
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Figure 151. EDS intensity counts for stabilized subgrade sample in area a and stabilized 
subgrade sample in area b (red line 500×; blue line 500×) – US 183 
 
 
Figure 152. SEM image of natural subgrade (1500 ×) – US 183 
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Figure 153. SEM image of natural subgrade (5000 ×) – US 183 
 
 
Figure 154. SEM image of stabilized subgrade (1500 ×) – US 183 
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Figure 155. SEM image of stabilized subgrade (5000 ×) – US 183 
 
 
Figure 156. SEM image of stabilized subgrade (15000 ×) – US 183  
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Figure 157. EDS intensity counts for stabilized subgrade sample (red line 150x; blue 
line 25x) – SH 99 
 
 
Figure 158. SEM image of stabilized subgrade (25 ×) in area a – SH 99 
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Figure 159. SEM image of stabilized subgrade (150 ×) in area a – SH 99 
 
 
Figure 160. SEM image of stabilized subgrade (500 ×) in area a – SH 99 
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Figure 161. SEM image of stabilized subgrade (1500 ×) in area a – SH 99 
 
 
Figure 162. SEM image of stabilized subgrade (40 ×) in area b – SH 99 
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Figure 163. SEM image of stabilized subgrade (150 ×) in area b – SH 99 
 
 
Figure 164. SEM image of stabilized subgrade (1500 ×) in area b – SH 99  
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Figure 165. SEM image of stabilized subgrade (25 ×) -US 59 
 
 
Figure 166. SEM image of stabilized subgrade (100 ×) – US 59 
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Figure 167. SEM image of stabilized subgrade (1500 ×) – US 59 
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Figure 168. EDS intensity counts for stabilized subgrade sample (red line: 1500×, blue 
line: 500 ×) – US 75 NB 
 
 
Figure 169. EDS intensity counts for stabilized subgrade sample (red line: 1500×, blue 
line: 150 ×) – US 75 NB 
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Figure 170. SEM image of natural subgrade in area b (150×) – US 75 SB 
 
 
Figure 171. SEM image of natural subgrade in area b (500×) – US 75 SB 
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Figure 172. SEM image of natural subgrade in area b (1500×) – US 75 SB 
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Figure 173. EDS intensity counts for stabilized subgrade sample (red line: 30×, blue line: 
150 ×) – K 7 
 
 
Figure 174. EDS intensity counts for stabilized subgrade sample (red line: 500×, blue 
line: 150 ×) – K 7 
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Figure 175. EDS intensity counts for natural subgrade sample (red line: 30×, blue line: 
150 ×) – K 7 
 
 
Figure 176. EDS intensity counts for natural subgrade sample (red line: 1500×; blue 
line: 500 ×) – K 7  
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APPENDIX E: ASSUMPTION FOR FWD ANALYSIS 
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Table 46. Assumptions for EFWD analysis – SH 121 
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Table 47. Assumptions for EFWD analysis – FM 1709 
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Table 48. Assumptions for EFWD analysis – US 287 
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Table 49. Assumptions for EFWD analysis – US 183 
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Table 50. Assumptions for EFWD analysis – SH 99 
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Table 51. Assumptions for EFWD analysis – SH 99 (con’t) 
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Table 52. Assumptions for EFWD analysis – US 59  
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Table 53. Assumptions for EFWD analysis – US 59 (con’t) 
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Table 54. Assumptions for EFWD analysis – US 75 SB 
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Table 55. Assumptions for EFWD analysis – US 75 SB (con’t) 
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Table 56. Assumptions for EFWD analysis – K 7  
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Table 57. Assumptions for EFWD analysis – K 7 (con’t) 
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APPENDIX F: SUMMARY OF FIELD TEST RESULTS 
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Table 58. Summary of test results from in-situ testing – SH 121 
  
Flex 
Base Stabilized Subgrade 
Natural 
Sub. 
FWD 
Def. 
  ELWD CBR EFWD ELWD EV1 EV2 EFWD D0 
PT MPa % MPa MPa MPa MPa MPa mm 
1 — — 1112 — — — 262 0.31 
2 — — 1313 — — — 198 0.34 
3 — — 1298 — — — 218 0.28 
4 83 119 1620 51 140 360 169 0.35 
5 — — 2022 — — — 265 0.31 
6 — — 1124 — — — 204 0.42 
7 140 — 297 87 282 338 152 0.63 
8 — — 2419 — — — 285 0.30 
9 — — 575 — — — 245 0.36 
10 — — 779 — — — 406 0.27 
11 125 — 582 70 — — 356 0.20 
12 — — 728 — — — 274 0.29 
13 — — 867 — — — 290 0.15 
14 — — 1077 — — — 340 0.30 
 
Table 59. Summary of test results from in-situ testing – FM 1709 
  Stabilized Subgrade Natural Subgrade 
FWD 
Def. 
  CBR EV1 EV2 EFWD ELWD Thi. EFWD CBR D0 
PT % MPa MPa MPa MPa mm MPa % mm 
1 53 129 184 129 240 100 74 24 0.63 
2 — — — 385 — — 121 — 0.45 
3 — — — 237 — — 103 — 0.49 
4 — — — 287 — — 186 — 0.32 
5 — — — 609 — — 112 — 0.50 
6 — — — 171 — — 95 — 0.50 
7 — — — 550 — — 120 — 0.34 
8 — — — 802 — — 208 — 0.36 
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Table 60. Summary of test results from in-situ testing – US 287 
  Base Stabilized Subgrade 
Natural 
Subgrade 
FWD 
Def. 
 
CBR ELWD CBR EFWD ELWD EV1 EV2 Thi. EFWD CBR D0 
PT MPa MPa % MPa MPa MPa MPa mm MPa % mm 
1 — — — 125 — — — — 84 — 0.50 
2 — — — 346 — — — — 108 — 0.50 
3 — — — 1223 — — — — 122 — 0.24 
4 — — — 437 — — — — 133 — 0.27 
5 — — — 1330 — — — — 120 — 0.28 
6 — — — 2063 — — — — 137 — 0.17 
7 — — — 1327 — — — — 131 — 0.27 
8 — — — 1849 — — — — 121 — 0.25 
9 — — — 276 — — — — 119 — 0.29 
10 — — — 1643 — — — — 131 — 0.23 
11 — — — 375 — — — — 94 — 0.39 
12 
 
107 150 842 65 150 235 400 99 22 0.38 
13 — — — 1997 — — — — 123 — 0.35 
14 — — — 1807 — — — — 106 — 0.25 
15 60 — — 570 — — — — 99 — 0.27 
16 133 — 175 353 — — — — 105 — 0.51 
17 — — — 372 — — — — 93 — 0.46 
18 — — — 183 — — — — 88 — 0.36 
19 — — — 481 — — — — 95 — 0.52 
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Table 61. Summary of test results from in-situ testing – US 183 
 
Stabilized Subgrade Natural Subgrade FWD Def. 
 
CBR EFWD ELWD EV1 EV2 Thi. EFWD ELWD CBR D0-Cor. D0 
PT % MPa MPa MPa MPa mm MPa MPa % mm mm 
1 214 2606 — — — 237 167 — 34 0.12 0.15 
2 — 1089 — — — — 139 — — 0.15 0.20 
3 — 1475 — — — — 131 — — 0.13 0.17 
4 — 815 — — — — 109 — — 0.16 0.20 
5 — 2076 — — — — 140 — — 0.15 0.20 
6 — 1614 — — — — 131 — — 0.15 0.19 
7 — 1610 — — — — 140 — — 0.15 0.19 
8 147 1670 164 317 592 213 137 — 36 0.15 0.20 
9 57 841 — — — 104 107 — 21 0.24 0.32 
10 — 2000 — — — — 120 — — 0.17 0.22 
11 — 1928 — — — — 141 — — 0.15 0.20 
12 115 1706 — — — 149 139 — 23 0.17 0.22 
13 — 2306 — — — — 166 — — 0.13 0.17 
14 — 2347 — — — — 150 — — 0.13 0.18 
15 — 2321 — — — — 182 — — 0.12 0.16 
16 — 2399 — — — — 160 — — 0.13 0.18 
17 — 1372 — — — — 154 — — 0.14 0.19 
18 — 1581 — — — — 137 — — 0.16 0.21 
19 — 1621 — — — — 140 — — 0.15 0.20 
20 — 1505 — — — — 141 — — 0.13 0.18 
21 — 1552 — — — — 146 — — 0.16 0.21 
22 — 2361 — — — — 146 — — 0.13 0.18 
23 — 1947 — — — — 161 — — 0.12 0.16 
24 — 2256 — — — — 171 — — 0.15 0.20 
25 — 1858 — — — — 146 — — 0.13 0.17 
26 — — — — — — — 25 — — — 
27 — — — — — — — 17 — — — 
28 — — — — — — — 16 — — — 
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Table 62. Summary of test results from in-situ testing – SH 99 
  Stabilized Subgrade Natural Subgrade 
FWD 
Deflection 
  CBR EFWD ELWD EV1 EV2 Thi. EFWD ELWD CBR D0 D0-Cor. 
PT % MPa MPa MPa MPa mm MPa MPa % mm mm 
1 175 337 — — — 211 244 — 24 0.13 0.18 
2 — 366 — — — — 312 — — 0.11 0.16 
3 — 390 — — — — 251 — — 0.12 0.18 
4 — 324 — — — — 239 — — 0.13 0.19 
5 — 433 — — — — 267 — — 0.12 0.17 
6 — 330 — — — — 270 — — 0.11 0.16 
7 — 276 — — — — 245 — — 0.16 0.23 
8 — 289 — — — — 241 — — 0.12 0.18 
9 — 417 — — — — 270 — — 0.12 0.17 
10 — 348 — — — — 191 — — 0.18 0.25 
11 — 412 — — — — 222 — — 0.13 0.19 
12 — 323 — — — — 197 — — 0.19 0.27 
13 — 273 — — — — 220 — — 0.14 0.20 
14 — 308 — — — — 185 — — 0.15 0.21 
15 — 273 — — — — 251 — — 0.11 0.16 
16 — 290 — — — — 258 — — 0.12 0.17 
17 — 458 — — — — 249 — — 0.13 0.19 
18 — 496 — — — — 342 — — 0.13 0.19 
19 — 637 — — — — 233 — — 0.14 0.20 
20 — 1000 — — — — 268 — — 0.11 0.16 
21 — 268 — — — — 234 — — 0.17 0.24 
22 — 328 — — — — 261 — — 0.14 0.20 
23 — 320 — — — — 252 — — 0.14 0.20 
24 — 389 — — — — 254 — — 0.14 0.20 
25 — 419 — — — — 240 — — 0.15 0.21 
26 — 273 — — — — 195 — — 0.16 0.23 
27 — 533 — — — — 232 — — 0.17 0.24 
28 — 454 — — — — 208 — — 0.16 0.23 
29 — 245 — — — — 163 — — 0.18 0.26 
30 — 224 — — — — 200 — — 0.15 0.22 
31 — 297 — — — — 205 — — 0.16 0.23 
32 — 459 — — — — 232 — — 0.16 0.22 
33 — 296 — — — — 214 — — 0.17 0.24 
34 — 554 — — — — 234 — — 0.16 0.23 
35 — 324 — — — — 249 — — 0.15 0.22 
316 
 
  Stabilized Subgrade Natural Subgrade 
FWD 
Deflection 
36 — 317 — — — — 264 — — 0.15 0.21 
37 — 390 — — — — 238 — — 0.14 0.21 
38 — 268 — — — — 243 — — 0.15 0.22 
39 — 413 — — — — 245 — — 0.15 0.21 
40 — 312 — — — — 219 — — 0.18 0.25 
41 77 260 — — — 176 229 — 36 0.17 0.24 
42  271 — — — — 232 — — 0.16 0.23 
43 156 314 — — — 246 198 — — 0.18 0.26 
44 79 425 — — — 256 277 — 52 0.13 0.19 
45 30 263 107 63 149 213 233 — 23 0.15 0.21 
46 — — — — — — — 16 29 — — 
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Table 63. Summary of test results from in-situ testing – US 59 
  Base Stabilized Subgrade Natural Subgrade 
FWD 
Deflection  
 
ELWD CBR EFWD ELWD EV1 EV2 Thi. EFWD ELWD CBR D0-Cor. D0 
PT MPa % MPa MPa MPa MPa mm MPa MPa % mm mm 
1 — — 994 — — — — 339 — — 0.21 0.20 
2 — — 646 — — — — 339 — — 0.22 0.20 
3 — — 1400 — — — — 430 — — 0.30 0.28 
4 — 141 1054 — — — 96 373 — 30 0.27 0.25 
5 — — 700 — — — — 425 — — 0.20 0.18 
6 — — 978 — — — — 265 — — 0.21 0.19 
7 — — 586 — — — — 206 — — 0.23 0.21 
8 — — 640 — — — — 244 — — 0.24 0.22 
9 — — 655 — — — — 563 — — 0.23 0.22 
10 — — 562 — — — — 489 — — 0.19 0.18 
11 — — 776 — — — — 420 — — 0.19 0.18 
12 — 105 1782 — — — 113 536 — 19 0.15 0.14 
13 — — 1411 — — — — 525 — — 0.15 0.14 
14 — — 731 — — — — 523 — — 0.13 0.12 
15 — — 658 — — — — 382 — — 0.18 0.16 
16 — 166 572 — — — 180 409 — 19 0.15 0.14 
17 — — 642 — — — — 509 — — 0.15 0.14 
18 — — 649 — — — — 398 — — 0.17 0.16 
19 — — 1230 — — — — 531 — — 0.17 0.15 
20 — 196 1365 — — — 251 447 
 
32 0.15 0.14 
21 — — 575 — — — — 543 — — 0.15 0.14 
22 — — 627 — — — — 392 — — 0.17 0.16 
23 — — 689 — — — — 351 — — 0.19 0.18 
24 126 106 933 105 177 261 124 210 20 14 0.23 0.21 
25 — — 879 — — — — 280 — — 0.27 0.25 
26 — — 567 — — — — 244 — — 0.23 0.22 
27 — — 489 — — — — 244 — — 0.20 0.19 
28 — 119 613 — — — 136 311 — 21 0.21 0.19 
29 — — 644 — — — — 344 — — 0.20 0.19 
30 — — 692 — — — — 343 — — 0.22 0.21 
31 — — 664 — — — — 216 — — 0.29 0.27 
32 — — — — — — — — 33.7 27 — — 
33 — — — — — — — — 17.1 — — — 
34 — — — — — — — — 25.1 — — — 
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Table 64. Summary of test results from in-situ testing – US 75 SB 
  Stabilized Subgrade 
Natural 
Subgrade 
FWD 
Deflection  
  CBR EFWD ELWD EV1 EV2 Thi EFWD CBR D0 D0-Cor. 
PT % MPa MPa MPa MPa mm MPa % mm mm 
1 — 926 — — — — 436 — 0.10 0.16 
2 — 818 — — — — 376 — 0.11 0.16 
3 — 945 — — — — 437 — 0.11 0.16 
4 82 921 — — — 95 460 29 0.08 0.12 
5 — 879 — — — — 427 — 0.08 0.13 
6 — 1260 — — — — 420 — 0.09 0.14 
7 — 1084 — — — — 452 — 0.08 0.13 
8 — 1072 — — — — 387 — 0.09 0.14 
9 — 871 — — — — 467 — 0.09 0.13 
10 — 1168 — — — — 369 — 0.10 0.16 
11 9 453 — — — — 297 13 0.14 0.22 
12 — 1047 — — — — 319 — 0.12 0.18 
13 — 1019 — — — — 308 — 0.12 0.18 
14 — 396 — — — — 292 — 0.14 0.20 
15 — 472 — — — — 279 — 0.14 0.21 
16 — 428 — — — — 266 — 0.14 0.21 
17 — 1604 — — — — 298 — 0.12 0.19 
18 14 945 31 7 15 120 350 6 0.11 0.17 
19 
 
949 — — — 
 
313 
 
0.14 0.21 
20 12 573 — — — 140 270 6 0.16 0.25 
21 — 487 — — — — 275 — 0.15 0.22 
22 — 511 — — — — 288 — 0.15 0.23 
23 — 588 — — — — 299 — 0.15 0.23 
24 — 462 — — — — 317 — 0.12 0.19 
25 — 476 — — — — 218 — 0.14 0.22 
26 — 488 — — — — 218 — 0.16 0.24 
27  531 — — — — 229 — 0.16 0.24 
28 18 572 — — — — 226 6 0.17 0.26 
29 — 508 — — — — 268 — 0.15 0.22 
30 — 510 — — — — 271 — 0.13 0.20 
31 — 545 — — — — 311 — 0.14 0.22 
32 — 482 — — — — 337 — 0.11 0.17 
33 — 534 — — — — 351 — 0.12 0.18 
34 54 1640 — — — — 287 9 0.12 0.18 
35  461 — — — — 266  0.14 0.21 
319 
 
  Stabilized Subgrade 
Natural 
Subgrade 
FWD 
Deflection  
36 — 434 — — — — 297 — 0.13 0.20 
37 — 452 — — — — 301 — 0.13 0.20 
38 — 422 — — — — 291 — 0.13 0.19 
39 — 459 — — — — 272 — 0.14 0.21 
40 — 779 — — — — 372 — 0.10 0.16 
41 — 475 — — — — 247 — 0.15 0.23 
42 — 415 — — — — 262 — 0.14 0.22 
43 — 681 — — — — 297 — 0.12 0.18 
44 — 742 — — — — 359 — 0.12 0.18 
45 19 400 — — — — 259 7 0.14 0.21 
46 — 451 — — — — 293 — 0.14 0.21 
47 — 835 — — — — 363 — 0.10 0.15 
48 — 671 — — — — 307 — 0.13 0.20 
49 — 835 — — — — 420 — 0.10 0.16 
50 — 896 — — — — 428 — 0.11 0.16 
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Table 65. Summary of test results from in-situ testing – US 75 NB  
 
Base Stabilized Subgrade 
Natural 
Subgrade 
FWD 
Def. 
FWD 
Modulus 
  ELWD CBR  EV1 EV2 ELWD Thi. ELWD CBR  D0 Esg 
PT MPa % MPa MPa MPa mm MPa % mm MPa 
1 — — — — — — — — 0.13 156 
2 — — — — — — — — 0.20 162 
3 — 13 — — — 132  — 7 0.14 154 
4 — — — — — — — — 0.20 161 
5 — — — — — — — — 0.12 180 
6 — — — — — — — — 0.16 191 
7 — — — — — — — — 0.11 187 
8 — — — — — — — — 0.14 225 
9 — — — — — — — — 0.12 172 
10 — — — — — — — — 0.17 191 
11 — 17 — — — 115  — 9 0.11 192 
12 — — — — — — — — 0.15 208 
13 — — — — — — — — 0.13 156 
14 — — — — — — — — 0.17 177 
15 — — — — — — — — 0.13 163 
16 — — — — — — — — 0.17 167 
17 — — — — — — — — 0.12 158 
18 — — — — — — — — 0.18 175 
19 — — — — — — — — 0.12 165 
20 — — — — — — — — 0.16 196 
21 — — — — — — — — 0.13 147 
22 — — — — — — — — 0.17 177 
23 — — — — — — — — 0.13 153 
24 — — — — — — — — 0.19 175 
25 81 —  81 119 91  — — — 0.12 176 
26 — — — — — — — — 0.17 189 
27 — — — — — — — — 0.13 158 
28 — — — — — — — — 0.16 181 
29 — — — — — — — — 0.12 164 
30 — — — — — — — — 0.18 180 
31 — 26 — — — 125 — 9 0.14 150 
32 — — — — — — — — 0.18 170 
33 — — — — — — — — 0.13 157 
34 — — — — — — — — 0.17 172 
35 — — — — — — — — 0.11 143 
321 
 
 
Base Stabilized Subgrade 
Natural 
Subgrade 
FWD 
Def. 
FWD 
Modulus 
36 — — — — — — — — 0.18 167 
37 — — — — — — — — 0.13 153 
38 — — — — — — — — 0.17 168 
39 — — — — — — — — 0.13 152 
40 — — — — — — — — 0.18 164 
41 — — — — — — — — 0.11 180 
42 — — — — — — — — 0.16 187 
43 — 26 — — — 153 — 6 0.10 178 
44 — — — — — — — — 0.14 210 
45 — — — — — — — — 0.12 164 
46 — — — — — — — — 0.16 180 
47 — — — — — — — — 0.11 159 
48 — — — — — — — — 0.17 179 
49 — 19 — — — 116 — 8 0.11 159 
50 — —  — — — —  — 5 0.16 182 
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Table 66. Summary of test results from in-situ testing – K 7 
  Stabilized Subgrade Natural Subgrade 
FWD 
Deflection  
  CBR EFWD ELWD EV1 EV2 Thi. EFWD ELWD CBR D0 D0-Cor. 
PT % MPa MPa MPa MPa mm MPa MPa % mm mm 
1 96 399 — — — 207 113 — 14 0.21 0.32 
2 — 453 — — — — 123 — — 0.23 0.34 
3 — 530 — — — — 131 — — 0.23 0.35 
4 94 527 — — — 463 160 — 22 0.21 0.32 
5 — 446 — — — — 152 — — 0.20 0.31 
6 — 563 — — — — 141 — — 0.23 0.35 
7 — 485 — — — — 144 — — 0.21 0.32 
8 — 453 — — — — 144 — — 0.21 0.31 
9 — 461 — — — — 134 — — 0.22 0.33 
10 — 465 — — — — 136 — — 0.21 0.33 
11 51 486 89 137 294 — 143 — — 0.22 0.33 
12 — 445 — — — — 142 — — 0.21 0.31 
13 — 423 — — — — 132 — — 0.20 0.31 
14 — 420 — — — — 139 — — 0.21 0.31 
15 — 442 — — — — 128 — — 0.22 0.33 
16 68 453 — — — 329 155 — 10 0.20 0.31 
17 — 522 — — — — 150 — — 0.21 0.33 
18 — 542 — — — — 143 — — 0.22 0.34 
19 — 495 — — — — 149 — — 0.21 0.32 
20 — 480 — — — — 148 — — 0.21 0.32 
21 — 470 — — — — 151 — — 0.21 0.31 
22 — 503 — — — — 158 — — 0.21 0.32 
23 — 602 — — — — 143 — — 0.22 0.33 
24 — 512 — — — — 140 — — 0.23 0.34 
25 — 575 — — — — 136 — — 0.24 0.36 
26 — 580 — — — — 130 — — 0.25 0.37 
27 — 568 — — — — 127 — — 0.25 0.42 
28 — 685 — — — — 125 — — 0.27 0.44 
29 52 214 — — — 209 116 — — 0.29 0.39 
30 — 708 — — — — 121 — — 0.26 0.40 
31 — 674 — — — — 110 — — — — 
32 — — — — — — — 12 — — — 
33 — — — — — — — 10 — — — 
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APPENDIX G: CONSTRUCTION RECORD 
 
 
 
 
 
 
 
 
 
 
324 
 
Table 67. Field nuclear density test at the US 183 site 
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Table 68. Compaction test results at the SH 99 site 
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Table 69. Field nuclear density test at the SH 99 site (1) 
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Table 70. Field nuclear density test at the SH 99 site (2) 
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Table 71. Field nuclear density test at the SH 99 site (3) 
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Table 72. Field nuclear density test at the SH 99 site (4) 
 
 
